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Goals of the Grant

The goal of this grant was to develop a polysilicon TFT technology compatible
with low cost glass substrates for active matrix organic light emitting diode display
(AMOLED) applications. To achieve this goal we focused on the following aspects:

e Develop a low temperature polysilicon crystallization process based on Rapid
Thermal Processing as alternative to excimer laser, and investigate
performance of polysilicon TFTs as a function of process conditions.

e Develop new polysilicon TFT and array metallization processes that include
low temperature silicides, ohmic contacts to indium tin oxide, and hillock free
aluminum.

e Design polysilicon TFT driver circuits and investigate their performance as a
function of polysilicon microstructure.

e Design and fabricate a VGA active matrix array, demonstrating the first VGA
AMOLED display.

Summary and Organization of Final Report

We had many successes throughout the work done under this grant. Some of
these results were directly related to the goals of this project while others, though equally
important to the success of the project, were solutions to problems that were not known at
the beginning of this work. In this report we present our results into four chapters.

The first chapter describes our advances in polysilicon material. We set out to
investigate a new crystallization technique, rapid thermal processing (RTP), to be used as
alternative to excimer laser for crystallization of amorphous silicon. We achieved glass
compatible crystallization temperatures using this high throughput and low cost process.
We identify that RTP results in superior TFT performance uniformity, which is critical
for fabrication of AMOLEDs. '

The second chapter describes our work regarding the integration of polysilicon
TFTs for active matrix organic light emitting diode displays. Several processes unique to
AMOLED fabrication were developed. We successfully integrated all these processes
and demonstrated a VGA AMOLED prototype display operated at a brightness of 101
nits.

The third chapter describes our successes in fabricating display driver circuits
using our polysilicon TFT technology. We fabricated low temperature shift registers
using a high throughput low cost process that run at clock frequencies as high as 20 MHz.

Finally, the fourth chapter describes in more detail some of the processing issues
that were investigated to improve the performance of the AMOLED displays.
Specifically the following processes are presented: a) low temperature silicides for TFTs,
b) a hillock-free aluminum metallization, and ¢) ohmic contacts to indium tin oxide.
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Chapter 1

Development of Low Temperature Polysilicon Thin Film Transistors

The primary goal of this part of our work was to investigate the use of rapid thermal
processing (RTP) for the crystallization of amorphous silicon films. In the process of
. conducting this research, other related topics were also covered such as the effect of
polysilicon grain size on the carrier mobility.

1.1 Introduction

Active matrix liquid crystal displays (AMLCD) that utilize thin film transistors
(TFTs) as the pixel-switching element currently dominate the field of flat panel.
However, this technology is challenged by the new active matrix organic light emitting
diode (AMOLED) display technology, which offers the following advantages: (a)
improved viewing angle, (b) lower power consumption, and (c) potentially lower
fabrication cost. At present, amorphous silicon is the dominant TFT technology however
the new AMOLED displays will offer superior performance if the polysilicon TFT
technology is used. Furthermore, the higher performance of polysilicon TFTs, compared
to amorphous silicon TFTs, will enable the integration of display driver circuitry with the
active matrix array on the same glass substrates. Integrating the driver circuitry onto the
"display panel can aid in reducing the cost of the display and improve its reliability. This
has been a major. driving force for developing a low temperature polysilicon TFT
technology compatible with glass substrates by several manufacturers for AMLCD
applications [1.1].

The deposition and crystallization of the polysilicon are two critical process steps that
affect the polysilicon TFT performance, the display manufacturing throughput and the
maximum process temperature. Since the polysilicon layer is first deposited in the
amorphous phase, subsequent annealing must be done to crystallize the film. This anneal
is one of the most thermally demanding fabrication steps. The polysilicon crystallization
anneal has been traditionally accomplished with either furnace or laser annealing
techniques. The furnace annealing process has a high thermal budget and a low
throughput. For these reasons, excimer laser annealing (ELA) is currently the preferred
annealing method [1.2]. However, the ELA process suffers from high cost, low
throughput, and material uniformity problems. An alternative annealing technique,
entitled RTP, has been recently introduced [1.3]. RTP uses two linear xenon arc lamps to
rapidly heat and crystallize the silicon film as it is scanned underneath the lamps. RTP
promises higher throughput than that of laser and furnace annealing as well as lower cost
and better material uniformity when compared to laser crystallization.

However, the RTP crystallization process is still at its infancy and a lot of work is
needed to demonstrate the potential of this new process for producing polysilicon films
that meet the industries requirements of glass compatibility and TFT performance. Films
with low crystallization temperatures (<700° C) are required for glass substrate
compatibility while films with large grain size and small intra-grain defect density are
required for high performance TFTs.




The goal of this work was to investigate the effect of various amorphous silicon
deposition and RTP annealing process conditions on the amorphous silicon crystallization
temperature, the resulting polysilicon micro-structure, and the performance of RTP
processed polysilicon TFTs. The ultimate objective was the realization of high
performance TFTs. In this work, statistically based experiments have been used to
determine these effects. Both low pressure chemical vapor deposition (LPCVD) and
plasma enhanced chemical vapor deposition (PECVD) processes were investigated for
the deposition of the amorphous silicon. These are the most common deposition methods
for amorphous silicon. PECVD deposition techniques are more commonly in industry
for the deposition of amorphous silicon, but LPCVD deposition of amorphous silicon has

. been shown to produce larger grain polysilicon using the furnace annealing technique

[1.4]. For these reasons both deposition methods were investigated.

For each set of deposition and annealing conditions, the polysilicon grain size,
crystallization temperature, and TFT performance were measured. This allows the TFT
performance to be correlated to the polysilicon microstructure (grain size) and the
crystallization temperature. First, this chapter details the statistical experiments that were
conducted to optimize the polysilicon films. Then, the results of the experiments are
presented followed by a discussion of how the most important factors effect the
crystallization temperature and the device performance.

1.2 Experimental

In order to meet the goals of this work, a series of statistically designed experiments
were designed and conducted.  Statistical models were then derived from the
experimental results that quantitatively define the effects of the most important process
parameters on the polysilicon crystallization temperature and device performance. These
models are then used to understand how to co-optimize both the RTP crystallization
temperature and the device performance. \

A statistical approach was necessary to investigate a large number of variables with a
manageable number of experiments. Also, a statistically based approach can investigate
not only the effect of a set of variables on an experimental response, but also the effect of
the interactions within the set of variables on an experimental response [1.5,1.6]. If each
variable were optimized independent of the others, then these interactions would be
ignored. This may lead to false conclusions since it is possible that some of the
deposition and annealing variables may interact with each other.

The research was conducted in three experimental phases with each phase
corresponding to a different method for the deposition of the amorphous silicon. The
first phase investigated the RTP crystallization of amorphous silicon deposited by
LPCVD using silane as the source gas. The second phase investigated amorphous silicon
deposited by LPCVD using disilane as the source gas. The third phase investigated the
deposition of amorphous silicon by PECVD. For each phase, “screening” experiments
were conducted to determine and compare the linear effects of a variety of deposition and
annealing conditions. A screening experiment is designed to investigate the linear
response of a set of variables with the fewest possible runs. A run is defined as a unique
set of process conditions. Each screening experiment consisted of either 8 or 16 different
runs and investigated between 5 and 10 process variables. For the first screening
experiment (LPCVD - silane source gas) two wafers were processed for each run. This
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enabled the wafer-to-wafer reproducibility to be determined. For the rest of the
experiments, one wafer was processed for each run and the reproducibility was assumed
to be similar to that of the first screening experiment. For the PECVD experimental
phase, a “response surface” experiment was also conducted after the screening
experiment was complete. The goal of the response surface experiment was to
investigate fewer parameters (4) in more detail. A response surface experiment can
determine parabolic effects in addition to linear effects. The screening experiments can
only determine linear effects.

Two eight-run screening experiments were designed to determine the importance of
LPCVD deposition and RTP annealing conditions to optimize device performance and
crystallization temperature. One experiment was conducted using silane as the source
gas and the other was conducted using disilane as the source gas. The experimental set-
up for both experiments is shown in Table 1.1. The columns represent the various
deposition and annealing parameters to be investigated and the rows represent the
individual experimental runs. Each run has a unique set of process conditions determined
by the values indicated in the variable columns. If the value is a (+1), then the high value
for that parameter is chosen, if the value is (-1) then the low value is chosen. The values
for (+, high) and (-, low) are defined in the rows above the variable name. The three top
rows of Table 1.1 represent the interactions between the various columns. For example,
the “de” interaction indicates an interaction between Column D (film thickness) and
Column E (RTP scan speed). A more detailed explanation of this experimental approach
is found in reference [1.5].

In order to investigate amorphous silicon deposited using PECVD, a third screening
experiment was designed. Due to the complicated nature of the PECVD deposition
process, many more variables needed to be investigated. To accommodate the increased
number of variables, a 16-run screening experiment was designed. The experimental set-
up for the PECVD deposited material is shown in Table 1.2. After completion of the 16-
run screening experiment, the four most important parameters were chosen for more
detailed investigation. A response surface experiment was conducted using 27 runs and
investigating three different levels for each variable [1.7]. Table 1.3 shows the response
surface experimental set-up.

de- df- ab- ae- ad ag- af-
fo eg dg- bf- bg- bd- be-
cb ac- ef- cF cf- ce- cd-
run # A B C D E F G
silane + 200 mT 580 C 100 nm 15 mnvs LTO Yes
experiment - 100 mT 550C 500 nm 5 mm/s PECVD No
deposition pressure] deposition temp | _dummy film thickness | RTP speed|  oxide type preclean
disitane + 160 mT 500C 100 nm 15 mmvs 5nm
experiment - 80mT 470C 50 nm 5 mm/s 0

deposition pressure| deposition temp dummy film thickness | RTP speed | seed thickness | dummy
-1 -1 -1 -1 -1 -1 -1

1 1 1

1 -1

-1 1

1

-1 -1

-1 1

1 -1

-1
-
-1

-l

-
3
-

(ErY Uy P Y
Y LA TS IS P P SN
' '
-
BN Py 5GP P
+
Y 1N 1Y

o|~|o o] feofn |

Table 1.1 LPCVD screening experimental set-up. The investigated input parameters for
the experiments using silane as the source gas and disilane as the source gas as shown.
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AD
BG | BD
Alias NO HJ W HU HM| HN HO BH Bl BO BL
Structure M LN LO IM IL|I10 IN BJ DM DN DO BM Ol oJ BM

Hi MO MN JN JO| JL JM DL GN GM GL OH GJ Gl GH

A B C D E| F G H | J K L M N [}
+ 1T 300W 350C disil: Ar 11500 scem yes yes 15 mmv's

05T 200W 200C silane H2 700 scem no no no 5 mm/s
deposition power deposition | deposition | dilutant | dilutant argon RTP hydrogen | RTPscan
pressure temp gas gas flow clean | dehydrog. clean speed
Run #

1 -1 -1 -1 -1 <1 ] 1 -1 -1 -1 -1 -1 -1 -1 -1 -1
2 -1 -1 -1 -1 1] A -1 1 1 1 1 1 1 1 1
3 -1 -1 -1 1 1 1 1 1 1 1 1 -1 -1 -1 -1
4 -1 -1 -1 1 1 1 1 -1 -1 -1 -1 1 1 1 1
5 -1 1 1 1 11 -1 -1 -1 -1 1 1 1 1 -1 -1
6 -1 1 1 1 111 -1 1 1 -1 -1 -1 -1 1 1
7 -1 1 1 -1 111 1 1 1 -1 -1 1 1 -1 -1
8 -1 1 1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 1
9 1 1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 1 -1
10 1 1 -1 -1 1 1 -1 1 -1 -1 1 1 -1 -1 1
11 1 1 -1 1 ] -1] -1 1 1 -1 -1 1 -1 1 1 -1
12 1 1 -1 1 -1 -1 1 -1 1 1 -1 1 -1 -1 1
13 1 -1 1 1 1311 -1 -1 1 -1 1 1 -1 1 -1
14 1 -1 1 1 A4 1 -1 1 -1 1 -1 -1 1 -1 1
15 1 -1 1 -1 1141 1 1 -1 1 -1 1 -1 1 -1
16 1 -1 1 -1 11 -1 1 -1 1 -1 1 -1 1 -1 1

Table 1.2 Experimental set-up for the PECVD screening experiment.

Deposition Temperature | Deposition Pressure Deposition Power RTP Scan Speed
(degrees C) (Torr) (Watts) (mm/s)
high value ( +) 300 1.5 300 7
center value (0) 350 1 200 5
low value ( -) 400 0.5 100 3

Table 1.3 Response Surface experimental set-up.

-All amorphous silicon films were deposited on transparent four-inch quartz
substrates. A 100 nm barrier oxide was deposited onto the quartz substrate followed by
the amorphous silicon film deposition according to the conditions determined by the
experimental set-up shown in Tables 1.1-1.3. The amorphous silicon film was then
crystallized using RTP according to the experimental set-up. During the RTP process,
the minimum process temperature required to crystallize the film was recorded. This
temperature was measured using a pyrometer, which monitored the film as it emerged
from underneath the lamps. The pyrometer was calibrated by passing a wafer with an
embedded thermocouple through the RTP system. The error in measuring the
crystallization temperature for a given run was less than 10° C and the variance for
repeated depositions was 16° C. ‘

In order to determine the effect of the deposition and annealing conditions on the
device performance, TFTs were fabricated for all the experimental runs corresponding to
a wide variety of polysilicon microstructures and crystallization temperatures. After
crystallization, the polysilicon silicon islands were defined using wet etching. A 100 nm
PECVD gate dielectric was then deposited followed by an amorphous silicon gate
deposition. The gate electrode was then patterned and the islands and gate were doped
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using a self-aligned process. Furnace annealing was then used to activate the dopants and
to crystallize the amorphous silicon gate. The TFTs then received 300 nm of passivation
oxide followed by contact holes and metallization. After the devices were completed
~ they received an annealing treatment at 400° C in forming gas and one hour of plasma
hydrogenation. A TFT crosssection is shown in Figure 1.1.

The devices were characterized in the linear region for four device parameters: the
effective ‘mobility, threshold voltage, sub-threshold slope, and the leakage current.
Throughout the discussion in this chapter the emphasis will be placed on the carrier
mobility. The other parameters are indicated in the tables. Unlike other device
parameters, the carrier mobility is dependent mainly on the polysilicon microstructure.
Other TFT parameters, such as the sub-threshold slope, threshold voltage, and leakage
current, are all strong functions of the film thickness, [1.8] which varied up to 20% from
its target value. For example, the thinnest LPCVD film (Run 1, LPCVD disilane
experiment) had the greatest sub-threshold slope. The threshold voltage and sub-
threshold slope are also strong functions of the quality of the gate dielectric and its
interface with the polysilicon film. The leakage current can be very sensitive to charges
in the dielectric underneath the channel. These charges can induce a back-channel and
increase the leakage current. The mobility was chosen as the device parameter that
measures the polysilicon material quality most independent of process variability and
therefore is the best parameter in evaluating the quality of the different RTP crystallized
polysilicon films.

The transistors were also characterized in the saturation region and the channel -
length modulation parameter was extracted. This parameter is important because it
determines the ability of a transistor to operate as a current source as well as determines
the gain limitation of many polysilicon circuits, such as an inverter or operational
amplifier. _

The grain size of the polysilicon films was determined using transmission electron
microscopy (TEM). The effective mobility was calculated from the maximum trans-
conductance in the linear mode with VDS = 1V for n-channel TFTs and Vpg = -1V for p-

channel TFTs. The threshold voltage was determined as the voltage-intercept of the
extrapolation of the linear part of the I (V) characteristic. The sub-threshold slope was

measured as the maximum slope of the [log(IDS) VS VGS] plot. The leakage current was
taken as the minimum drain current at'VDS = 5V for n-channel TFTs and Vpg = -5V for p-
channel TFTs.
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Figure 1.1 TFT Cross Section for n-channel TFTs.

1.3 Experimental Results and Statistical Models

The effect of the various deposition and annealing parameters on the TFT
performance was analyzed using the statistical experimental structure. Each run resulted
in TFTs with a set of experimental responses such as the average effective mobility or the
crystallization temperature. The effect of any particular input parameter can be achieved
by subtracting the average of all runs with a (+1) corresponding to that input variable
with the average of all runs with a (-1) in that category. The resulting difference is
referred to as the “effect”. The larger the magnitude of the effect for a particular variable,
the larger the impact that variable has on that experimental response.

Table 1.4 shows the output responses of the silane and disilane LPCVD screening
experiments and Table 1.5 shows the calculated statistical Effects of each input variable
for each experimental response. Tables 1.6 and 1.7 display the same information for the
PECVD screening experiment. For the PECVD response surface experiment, TFT data
was collected only for those runs (11 runs) achieving crystallization temperatures
<750°C. This data was enough to construct a model for the grain size, polysilicon
crystallization temperature, and the TFT effective mobility as a function of the four input
variables. These models are presented in Table 1.8. The coefficients that were
insignificantly small were omitted.
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From these tables, the variables critical to the optimization of TFTs for high performance
and low crystallization temperature can be identified. The higher the relative value of the
Effect, the more important that variable is. For example, for the LPCVD silane
experiment, the most important factors in determining the grain size are the deposition
pressure and the deposition temperature. This is deduced from Table 1.5 from the row
labeled "grain size." In this row, the two variables having “Effects” that are much larger
than the rest are the deposition pressure and the deposition temperature. Increasing the
deposition pressure yields grain sizes that are on average 84 nm larger while decreasing the
deposition temperature leads to grain sizes that are 94 nm larger.

14 - Discussion of Experimental Results

Since there were 23 input variables investigated in the experiments, a large number of
interesting observations and conclusions were made regarding the effect of these variables
on the crystallization temperature, the polysilicon microstructure, and the resulting TFT
performance. In the following part of this section our discussion focuses on the effects of
three of the most important parameters; (a) the effect of deposition method, LPCVD or
PECVD, (b) the effect of source gas, and (c) the effect of using a seed layer. In the next
section we discuss the correlation between the polysilicon grain size and the TFT effective
mobility.

14.1 Effect of Deposition Method - LPCVD or PECVD

The deposition method was determined to be important in determining device
performance and crystallization temperature, but neither method could be concluded as
universally superior. Each of these two deposition methods offers certain advantages over
the other. The LPCVD-deposited amorphous silicon resulted in higher device
performance, but the PECVD-deposited material resulted in lower -crystallization
temperature. Figure 1.2 plots the mobility as a function of the crystallization temperature
for both the PECVD and LPCVD deposited polysilicon. The LPCVD devices had mobility
up to 36 cm’/V-s while the PECVD material resulted in a maximum mobility of only 15.4
cm?/V-s. The lowest crystallization temperature in the LPCVD was 698° C while in the
PECVD material was 595° C. It is worth noting that the PECVD experiments explored
scan speeds bewteen 3 mm/s and 15 mm/s while the LPCVD experiments explored only
between 5 mm/s and 15 mm/s. However, even at 5 mm/s, the PECVD experiments
achieved crystallization temperatures as low as 642°C.

12
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Figﬁre 1.2 The mobility is plotted as a function of the crystallization temperature of the
polysilicon material. A trend of higher mobility at lower crystallization temperatures can
be seen, particularly for the LPCVD deposited material.

The-LPCVD-deposited material produced higher performance TFTs and the PECVD
deposited material produced lower crystallization temperatures. Figure 1.3 compares the
Ins - Vgs characteristics of the optimized LPCVD and PECVD materials. It can be seen
that the TFT characteristics are similar but that the LPCVD characteristic has greater ON
current due to its greater carrier mobility.
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Figure 1.3 Comparison of LPCVD and PECVD deposited optimized TFTs. The LPCVD
device has a mobility of 36 cm?/V-s and a crystallization temperature of 700° C. The
PECVD device has a mobility of 16 cm?/V-s and crystallization temperature of 605°C.

1.4.2 Effect of Source Gas

‘The choice of source gas also had a major impact on TFT performance and
crystallization temperature. Using disilane as the source gas produced polysilicon with
lower crystallization temperatures and TFTs with better device performance compared with
using silane as the source gas. This result agrees with previous work that used furnace
annealing to crystallize the films {1.9]. Tables 1.4 and 1.6 indicate the lowest
crystallization temperature and highest mobility were achieved using disilane as the source
gas for both the PECVD and LPCVD experiments. This trend was particularly pronounced
for the LPCVD experiments. For the disilane LPCVD experiment, the lowest
crystallization temperature was 698° C and the highest average mobility was 36.5 cm?/V-s.
However, when silane was used, the lowest crystallization temperature was 729° C and the
highest average mobility was 28 cm?/V-s. Furthermore, the average crystallization
temperature was lower for the disilane and the average mobility was higher for the disilane
deposited films.

The benefit of using disilane as the LPCVD deposition source gas lie in its higher
deposition rate at lower temperatures. Disilane is more reactive than silane and therefore
decomposes at lower temperatures. At lower deposition temperatures, fewer crystallites
will form resulting in fewer nucleation sites. Fewer nucleation sites result in larger grains
and hence higher mobility. For silane, the required higher deposition temperatures result in

14




more ordered films with many crystallization sites already incorporated into the film which
resulted in smaller grain size and hence lower mobility compared to disilane films.

143 Use of a Seed Layer for LPCVD Deposited Films

As mentioned above, larger grain size can be achieved by reducing the nucleation sites
present in the film during deposition. However, this approach will tend to result in higher
crystallization temperatures since the lack of nucleation sites will tender the film more
difficult to crystallize. During the LPCVD disilane experiment, one of the variables
investigated was the use of a seed layer. A seed layer is a very thin layer of amorphous
silicon deposited prior to the actual film deposition. This seed film is optimized to have
many crystallites and, as a result, have a low crystallization temperature. The thicker main
film layer is engineered to have few crystallites and, on its own, a high crystallization
temperature. However, when' the two films are stacked together, the seed layer can induce
crystallization of the film layer and result in a polysilicon layer that has a low
crystallization temperature and a large grain size. Since larger grain sizes generally lead to
improved polysilicon mobility, the use of a seed layer produces polysilicon films with high
mobility and low crystallization temperature. Figure 1.4 plots the TFT mobility as a
function of the crystallization temperature for only those films deposited by LPCVD. This
plot is a subset of the information contained in Figure 1.2. It can be seen that without the
use of a seed layer, lower crystallization temperatures lead to smaller grain size and lower
mobility. However, the devices with a seed layer can have both a high mobility and a low
crystallization temperature. The positive effect of the seed layer can also be deduced from
the statistical model shown in Table 1.5. The seed layer reduces the crystallization
temperature by an average of 23° C and increases the grain size by 73 nm.

15
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Figure 1.4 The mobility is plotted vs. the crystallization temperature for the LPCVD
deposited TFTs. It can be seen that without the use of a seed layer, lower crystallization
temperatures coincide with lower mobilities. However, when a seed layer is present, this
trend can be avoided and high mobility was achieved at low crystallization temperatures.

When using the PECVD deposition method, the effect of the source gas is the same as
for the LPCVD deposition method, but not as dramatic. The effect of the source gas can be
determined by examining the experimental effects of the source gas column of the PECVD
experiment in Table 1.7. Using disilane as the source gas increases grain size (11 nm) and
increases mobility (1.3 cm?/V-s) while reducing the crystallization temperature by an
average of 28° C. This effect is significant but the 1.3 cm?/V-s mobility improvement is not
as large as the 12 cm?/V-s average improvement obtained when using disilane LPCVD
compared to silane LPCVD. This is not surprising since it is the plasma that dissociates the
gases during the PECVD process as opposéd to the thermal decomposition process that
occurs during the LPCVD process. The thermal decomposition method should be more
sensitive to the gas molecular structure.

16



1.5 Effect of Polysilicon Grain Size and Intra-grain Defects on Carrier Mobility

151  New Theoretical Model

In order to improve device performance by altering the deposition and annealing
conditions of the polysilicon film, it is best to understand the mechanism for that
improvement. One property of the film that theoretically impacts the device performance
is the polysilicon grain size. Previous work has indicated that the mobility is a function of
the polysilicon grain size. A formulation for the mobility as a function of the grain size is
given in equation (1), where it is assumed that the grains are partially depleted and lg
represents the grain size and v, is defined as (kT/2mm.)""? [1:10]. Eg is the barrier height
caused by trapped carriers at the grain boundaries and is a function of the grain boundary
defect density. An expression for Eg for a grain boundary in a polysilicon film is given in

* equation (2), where Ny represents the surface density of defects at a grain boundary (cm™),
ten 1s the polysilicon channel thickness, and Vry is the threshold voltage of the TFT [1.11].
Equation (1) indicates that an increase in grain size should lead to an increase in the carrier
mobility.
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Figure 1.5 plots the measured mobility as a function of the grain size for all of the
deposition and annealing conditions considered in this work. It can be seen that, as a
general trend, larger grain sizes lead to higher mobility as predicted by equation (1), but
that the improvement of mobility with increasing grain size tends to saturate at large grain
sizes. This saturation can be explained as being a result of intra-grain defects that exist in
the polysilicon film. Due to the solid phase crystallization process that occurs during the
RTP process, many defects within a grain may exist. The defects within a grain can trap
charges and behave as coulombic scattering centers. When the contribution of the intra-
grain defects is considered, the total mobility can be written according to equation (3) as a
sum of the grain boundary limited mob111ty as well as the intra-grain mobility that is limited
by coulombic scattering. An expression for the intra-grain mobility is given in equation 4)
where N is the density of coulombic scattering centers [1.12].
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From the data in Figure 1.5, the coefficient of grain boundary limited mobility can be
extracted from the region of small grain size. Knowing this value, the intra-grain mobility
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can be extracted by a using a best fit of equation (3) with the data. The intra-grain mobility
for this solid phase crystallization process was extracted to be 58 cm?/V-s. Using this value
and using equation (4) and assuming that each defect in the film results in a Coulombic
scattering center, the average level of intra-grain defects in these polysilicon films is

extracted to be 3x10'° cm™.
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Figure 1.5 The mobility is plotted as a function of grain size.

The above approach has used the general trend observed in Figure 1.5 to extract the
average density of intra-grain defects for all the polysilicon films considered in this
experiment. However, there exists a large level of scatter in the data shown in Figure 1.5
compared to the model. One reason for this is because the level of intra-grain defects
within the material may not be the same for all the polysilicon films. Although the grain
size can be determined using TEM, it is much more difficult to determine a number for the
level of intra-grain defects independent of the grain boundary defects.

Some of the deposition parameters that impact the level of intra-grain defects can be
identified with the use of the statistical experimental design. If there were little scatter in
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the data, the effects of the deposition and annealing parameters on the grain size should be
the same as the effects on the mobility. Parameters that produce larger grains should
produce higher mobilities. This was the case for all the variables investigated for the silane
LPCVD experiment. Table 1.5 lists the effects of the various input parameters on TFT
mobility. It can be seen that for the silane LPCVD experiment, the mobility is most
impacted by the deposition pressure, deposition temperature, dummy column C
(representing the interaction between the pressure and the temperature), and the film
thickness. Furthermore, it can be seen that the parameters that affect the mobility also
affect the grain size in a similar manner. Therefore, it can be expected that the grain size
and mobility be closely related to each other for the silane deposited wafers. This is indeed
the case as it is shown in Figure 1.6.
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F igﬁre 1.6 Mobility as a function of grain size for the silane LPCVD experiments. It can
be seen that the mobility from the silane LPCVD runs correlate strongly with grain size.

However, unlike the silane LPCVD experiment, not all the variables investigated for
the other experiments led to similar effects for the polysilicon grain size and the TFT
mobility. Identifying a parameter that has different effects for the polysilicon grain size
and the mobility can explain why the mobility does not depend strictly on the grain size. It
is possible that such a parameter has a significant impact on the level of intra-grain defects
in the polysilicon and therfore does not effect the TFT mobility and grain size in the same

~manner. The next section provides an example of two such variables.

1.5.2  Effect of Argon Dilution Gas and PECVD Deposition Temperature

From examining Table 1.7, it can be seen that the deposition temperature and the
dilution gas both significantly impact the grain size. Lower deposition temperatures
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produce larger grains (by 43 nm on average) and using argon as the dilution gas also leads
to larger grains (by 7 nm on average). However, though lower deposition temperatures
produce larger grains, they do not significantly increase the mobility as would be expected.
Furthermore, using argon as a dilution gas also increases the grain size but significantly
reduces the mobility, by 3.2 cm?V-s on average. Of the 16 runs, if the runs at lower
deposition temperature or the runs that use argon as the dilution gas are omitted, the
mobility correlates well with the grain size for the remaining runs. This trend can be seen
in Figure 1.7, where the high deposition temperature, hydrogen dilution gas (instead of
argon) runs are darkened and a best fit line with grain size is indicated.

As with the LPCVD experiments, a process variable that causes larger grain size
. without mobility improvements is likely causing an increase in the level of intra-grain
defects. When argon is used as the dilution gas it is possible some of the argon is
incorporated into the film. This argon incorporation would produce scattering centers
(intra-grain defects) which reduce the carrier mobility independent of the polysilicon grain
size.
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Figure 1.7 The mobility is plotted versus the grain size for the PECVD screening runs. In
the case where the silicon was deposited at high temperature (350° C) and without argon as
a dilution gas, the mobility correlates well with the grain size.

20




1.6 Conclusions

- RTP is a viable alternative for the crystallization of polysilicon TFTs at glass
compatible temperatures. The results of this study indicate that the crystallization
temperature and TFT performance can be simultaneously optimized. A statistically based
experimental design method was used to investigate -the effect of a wide range of
deposition and RTP annealing conditions on the TFT crystallization temperature and device
performance. The importance of the deposition method (LPCVD vs. PECVD), deposition
gas, and the use of a seed layer on the TFT performance and crystallization temperature
have been discussed in detail. Other parameters important to device performance, such as
dilution gas and deposition temperature have been identified. Polysilicon TFTs crystallized
at temperatures as low as 600° C and thin film transistors with mobilities as high as
36 cm’/V-s have been fabricated using the RTP crystallization process. A new theoretical
model has been proposed that relates the carrier mobility to the grain size and intragrain
defect density of the polysilicon film. This new model help us to explain some of the
observed experimental results obtained in the case of PECVD films deposited using argon
dilution. The new model can be used to extract the density of intragrain defects in the solid
phase crystallized polysilicon films.
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Chapter 2
Development of Polysilicon TFT AMOLED Displays

2.1 Introduction

A variety of technologies are currently in competition for a share of the flat panel
display market. Currently, the dominant technology is the liquid crystal display (LCD),
which operates by modulating light generated by a backlight. A new emissive technology,
known as organic light emitting diode displays (OLED), recently has shown promise for
- high luminous efficiency (>10 lumens/watt), low voltage (<10V) and large viewing angle
displays [2.1,2.2]. In these displays, current is passed through a thin multi-layer organic
material where it is converted into light. One of the layers is an electron transporting
material while the other is a hole transporting material. At the junction between the two is
a layer optimized for luminous recombination where the carriers recombine and the excess
energy is released as light. The wavelength of the light can vary depending on the dopant
species used in this light-emitting layer [2.2,2.3]. The organic layers are sandwiched
between a hole-injecting electrode consisting of a large work function material and an
electron-injecting electrode consisting of a small work function material.

Since the most common electron injecting materials (Al-Li, MgAg) are opaque to
visible light, the light must exit the structure through the hole injecting material. Therefore
the hole injecting material must not only have a large work function, but must also be
transparent to visible light. The most commonly used material is indium-tin-oxide (ITO)
and this was chosen for this work.

Due to the nature of the light emission process, the brightness of the OLED material is
proportional to the amount of current passing through it. Because of this, an active matrix
pixel array needs to deliver uniform currents to the OLED material in order to create
uniform light. This is different from AMLCD array technologies, which only need to
deliver voltages, not currents, to switch the liquid crystal material. Therefore, different
processing issues will arise for the development of AMOLED displays compared with
AMLCD display technologies. This chapter discusses these issues and presents a
fabrication process for AMOLED display arrays. First, the design strategy will be
discussed and a justification for the need of polysilicon TFTs will be presented.

2.2 OLED Display Design Approach

OLED displays have been designed in both passive matrix and active matrix modes. In
the passive matrix mode, each pixel consists of an overlap between two conductors, the
address line, and the data line, with the OLED material in between. No transistors are
required.  To turn on a pixel, a certain voltage needs to be dropped across the OLED
material. The address line delivers a fraction of this voltage, and the data line provides the
remainder. A pixel receiving only part of the full voltage will be off. However, this
approach limits the contrast and restricts the format of the display to smaller pixel counts.
In addition, this approach requires patterning of both the hole-injecting and electron-
injecting electrodes, which is difficult if MgAg is used as the electron-injecting electrode.
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Using an active matrix design approach can solve the image contrast and MgAg
electrode pattering problems. In the active matrix approach, a transistor is placed at each
pixel to separate the effect of the data line voltage and the address line voltage on the
voltage across the OLED material. A common MgAg electrode is used to eliminate the
need to pattern the electron-injecting electrode. Within AMOLED designs, a variety of
pixel architectures have been proposed [2.4]. Different pixel architectures may contain
different numbers of transistors per pixel. The simplest design uses one transistor per
pixel. A single transistor design approach has the advantage of increased contrast
compared to a passive matrix design, and will have a higher yield than designs containing
more than one TFT per pixel. However, in this approach each pixel is only pulsed ON for
a fraction (1/(number of gate lines)) of the frame time. This requires the peak OLED

current to be much higher than the average current, which leads to faster degradation of the

OLED material.

To avoid the high current pulses native to the single TFT design, designs involving two
transistors per pixel have been proposed which have pixel memory [2.4]. This memory
allows the pixel to deliver a small current throughout the entire frame period. Though the
average current through the OLED material is the same, the peak current is greatly reduced
which leads to longer OLED material lifetime. Other architectures have also been
proposed to improve brightness uniformity by correcting for variations in the transistor
threshold voltage (= four transistors per pixel) [2.5]. Our work attempts to reduce
brightness variations across the substrate through processing improvements rather than
circuit design corrections. Both the one- and two-transistor-per-pixel designs are
considered in this work. Figure 2.1 shows a schematic of these architectures.

SOURCE LINE : SOURCE LINE
COMMON —]—J_ I
CATHODE L] I
COMMON
T CATHODE
GATE LINE
(a) (b)

Figure 2.1 Pixel designs schematics showing (a) the single TFT per pixel design and
(b) the two TFT per pixel design. :

The next design issue is to determine which technology should be used to fabricate the
trapsistor array. The most commonly used technologies for AMLCDs are amorphous
silicon and polycrystalline-silicon (polysilicon). Both of these materials are compatible
with large area glass substrate processes, which is necessary to fabricate displays at
reasonable cost. Polysilicon TFT technology was chosen for its higher mobility compared
with amorphous TFTs and its ability to provide p-channel devices. The higher mobility is
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needed for the single TFT per pixel design because the pixels only emit light for a small
fraction of the frame time and therefore large currents are required.

A calculation of the required mobility is as follows. The average current necessary to
produce a bright display (100 cd/m?) is approximately 10mA/cm? [2.6]. If we assume a
pixel size of 50um x 50pum, a steady current of 0.25UA is necessary. Since each pixel
emits light only when it is activated by its address line, each address line is ON for only a
small fraction (1/(# address lines)) of the frame time. Thus, in order to maintain an average
DC current of 0.25pnA, assuming 480 address lines, the maximum transistor current
requirement (Ivax) is 0.251A x 480 = 240pA. Assuming a TFT operating in saturation, the
required mobility can be calculated according to equation (1).

1
S A— (1)
Zcox (VGS —VTH )max

Figure 2.2 shows a plot of transistor current in the saturation region as a function of
gate voltage and mobility. For the above defined pixel area, adequate mobilities are those
that yield currents greater than 240uA at a maximum gate voltage less than 10 V. To
achieve the proper current levels using small device geometry (W/L = 2), and a gate oxide
thickness of 50 nm, a mobility greater than 34 cm?/V-s is required. Since a mobility of
34 cm?/V-s is required, amorphous silicon cannot be used because it has mobilities less
than 1 cm?/V-s and therefore cannot deliver high enough currents with compact device
geometry. Polysilicon-based transistors have mobilities more than an order of magnitude
greater than amorphous silicon and therefore are a better candidate for AMOLED displays.

P-channel devices are desired to prevent variations in the OLED material turn on
voltage from leading to current variations in the OLED material. To prevent these
variations from affecting the light output, a current drive scheme is desired rather than a
voltage drive scheme. To accomplish this, a p-type transistor operating in the saturation
mode is used to drive current into the OLED material. When a p-channel transistor is used,
both the gate and source voltages can be delivered directly to the transistor via the gate and
data lines. If an n-channel TFT was used, only the gate voltage could be written directly to
the pixel; the source voltage would depend upon the voltage across the OLED material.
This assumes the direction of current flow is out of the transistor and into the OLED
material, which is the case when the electron injecting material is not patterned. Therefore
a p-channel transistor is the better candidate when a current drive scheme is desired rather
than a voltage drive scheme. Since amorphous silicon technology cannot produce adequate
p-channel TFTs; it is not a good candidate for AMOLEDs, even for the two-transistors-per-
pixel designs where much smaller drive currents are required. Next, this chapter discusses
the processing issues in matching polysilicon TFT technology with active matrix OLED
displays.
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Figure 2.2 Mobility requirements for pixel transistors in AMOLED single TFT-per-pixel
display designs.

2.3 AMOLED Polysilicon TFT Array Processing

This section describes a fabrication process used to realize both pixel designs. In both
architectures (one transistor per pixel and two transistors per pixel), the current passes out
of a transistor and into the OLED structure. Since the transistor controls the current
through the OLED material, the uniformity of the transistor threshold voltage, carrier.
mobility, and series resistance is crucial to the final performance of the display array. This
is because, to first order, the saturation TFT current can be written as shown in equation (2)
where R, represents a sum of both the series and contact resistance, |1, represents the hole
mobility, and Vty represents the threshold voltage. To reach this equation (2) it has been
assumed that the mobility degradation due to surface scattering is not significant.
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It is evident from equation (2) that variations in the threshold voltage, carrier mobility,
or series resistance will directly impact the uniformity of the TFT current and
consequently, the brightness of the display. In this work, a variety of steps were
implemented to reduce the series resistance and improve the uniformity of the pixel
electrical characteristics. The carrier mobility and threshold voltage variations were
reduced through the use of RTP for polysilicon crystallization to achieve uniform

~ polysilicon microstructure. A silicidation process was developed to eliminate TFT series

resistance and a low resistance contact scheme was developed to connect the ITO to the
drain of the TFT. Finally, a planarization scheme based on spin on glasses (SOGs) was

used in order to provide a smooth and uniform surface prior to OLED material deposition.

These steps are described below along with a process used to fabricate the display arrays.

The fabrication process is divided into four parts: (a) silicon island preparation, (b) TFT
silicidation, (c) ITO electrode and metallization, and (d) final array passivation. A cross
section of the process indicating these four areas is shown in Figure 2.3.

Final Array Passivation

ITO Electrode and
Metallization :

OLED Material

TFT Silicidation ITO

£ £ <
Light Out

Silicon Island
Preparation

Figure 2.3 AMOLED array process overview.

2.3. Silicon Island Preparation

The silicon films were deposited by pyrolysis of disilane in a low pressure chemical
vapor deposition reactor at a temperature of 470° C or 500° C. The films were then
crystallized into the solid phase using RTP. The RTP process was chosen over alternative
crystallization methods, such as ELA, because of its high uniformity and high throughput
[2.7]. The uniformity of heating during crystallization is important to create uniform
polysilicon microstructure across the wafer. In the ELA process, due to the narrow
localization of the light beam and the melting of the silicon film, significant microstructure
variations can result. In contrast, the wide profile of the RTP lamp and the solid phase
crystallization nature of the process results in uniform polysilicon microstructure. The RTP
throughput is determined by the speed with which the wafers are passed underneath the
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heating lamps. For this work, scan speeds of Smm/s or greater were used. The RTP
crystallization temperatures were in the range of 677° C to 720° C. The thickness of the
polysilicon islands was 50 nm.

After the amorphous silicon films were crystallized and patterned, a 100 nm gate oxide
and a 100 nm amorphous silicon gate were then deposited by PECVD. The wafers were
then annealed in a furnace to crystallize the amorphous silicon gate, though a second RTP
step could have been used. The gate electrode was then patterned and the gate, source, and
drain were doped either with phosphorus or boron to a dose of 2 x 10" cm™. The dopants
were activated at 800° C in a furnace, though again RTP could be used for dopant
activation.

2.3.2 TFT Silicidation

Nickel silicides were formed on the source, drain, and gate regions to reduce the series
resistance of the TFT. The gate region directly on top of the channel was not silicided
because of the use of an oxide mask. This mask was necessary to preserve a p+ region in
contact with the channel to maintain a blocking junction and thus proper device operation.
The silicidation step becomes increasingly important as polysilicon islands are reduced in
thickness, because thinner islands increase the series resistance of the TFT. It is desirable
to reduce the polysilicon island thickness to improve the TFT performance and to increase
manufacturing throughput. Our previous work has shown that the use of silicides can
enable ultra-thin (<30 nm) island TFTs to be made without significant reduction in the ON
current due to the island series resistance [2.8]. Furthermore, since the silicidation process
reduces significantly the source and drain parasitic series resistance and its associated
variability, the uniformity of the TFT is expected to improve.

The silicides were formed by sputter depositing Ni onto the wafers followed by an in-
situ vacuum anneal at 400° C for 10 minutes. The silicided source and drain regions had a
sheet resistance of 20 Ohms/square, whereas the non-silicided regions had a sheet
resistance of 800 ohms/square. Since the polysilicon gate lines were also silicided, the gate
line resistance was improved by a factor of 40 compared with a non-silicided polysilicon
gate. Figure 2.4 (a) shows a pixel cross-section after the silicide stage in the array
fabrication process.

It is important to note that NiSi is resistant to both reactive ion etching and wet etching
of silicon dioxide [2.9], and thus it can be used as an effective etching stop for the opening
of the source and drain contact windows. Doped silicon is not as resistant to dry etching as
nickel silicide. This is another advantage of using the nickel silicided source and drain
process.
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Polysilicon Gate — NiSi (nickel silicide)

4" Transparent Substrate
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Figure 2.4 Cross sections of the array pixel at three different stages of processing: (a) after
TFT formation, (b) after metallization, and (c) the final pixel cross-section.

2.3.3 ITO Electrode Formation and Metallization

After the transistor formation, 300 nm of PECVD passivation oxide was deposited to
cover the islands and gates and to prevent shorts between gate and data lines. Contact
holes were then opened to the gate and island regions using wet etching followed by
deposition of the data metals. The data metallization consisted of a three-layer stack to
prevent the formation of hillocks. The layers were 50 nm of Ti, 200 nm Al, and 50 nm of
Ni. A cross section of the pixel at this stage is shown in Figure 2.4(b). It was found that
the Ti alone could not prevent the formation of hillocks during hydrogenation, but that the
addition of an extra layer of nickel on top of the aluminum prevented the formation of
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hillocks [2.10]. Figure 2.5 compares atomic force microscope (AFM) images of an Al film
with a Ni capping layer with an Al film with no capping layer after both films have been
annealed at 500° C. It is clear that the nickel layer prevents the formation of hillocks even
at temperatures far greater than those required for AMOLED processing. This is an
important consideration in OLED displays because a hillock can cause a short between the
data line and the common cathode of the OLED material. Figure 2.6 shows an example of

plasma hydrogenated for one hour at 300°C.

Standard Al(1%Cu) metallization

OLED display damage that may occur from a hillock. After metallization, the wafers were

Al-Ni hillock-free metallization

(a)

of hillocks. :

(b)

Figure 2.5 This figure compares AFM pictures of (2) an Al film and (b) an Al-Ni film
after both films were heated at 500° C. It is clear that the Al-Ni film resists the formation

Al Hillock shorting Data to Cathode

cathode of the AMOLED structure.

Figure 2.6 This figure shows how an Al hillock can short a data line to the common

The data metals were then covered with a double layer of PECVD oxide and spin on
glass (SOG). The SOG was cured on a hot plate at 300°C. A higher cure temperature was
not used because it may have instigated out-diffusion of hydrogen and reduced the
performance of the TFTs. The combination of these two dielectric provided excellent
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protection of the metals from future corrosive etches as well as a smooth, well-planarized
surface for the deposition of the ITO electrode. It is important that the ITO electrode
resides on a well-planarized surface so that the surface of the ITO is free of any asperity
that might cause non-uniform current flow across the OLED material. A contact hole was
then opened in the SOG and oxide so that the ITO could connect to the drain of the TFT.
The ITO was sputter deposited at 200°C.

Two different approaches were investigated to contact the ITO electrode to the silicided
polysilicon island. In one approach, the ITO contacted the silicided island directly. In
another approach, the ITO contacted a data metal plug, which in turn contacted the
silicided island. Figure 2.7 shows a comparison of these two contact approaches. Both

. processes were used in order to investigate which process could provide more uniform
pixel characteristics.

In the metal plug approach, the Ni capping layer in the Ti-Al-Ni stack is necessary not
just to prevent hillock formation, but also to ensure a good contact of the ITO to the metals.
Previous work has demonstrated that the Al-ITO forms an interfacial oxide and the contact
is not ohmic. However, adding a Ni capping layer prevents the formation of this oxide and
the Al-Ni-JITO forms a low resistance, ohmic contact [2.11].

(a) (b)

Figure 2.7 Two different processes are shown to contact ‘the ITO to the silicided
polysilicon island; (a) the ITO contacts the silicide directly, and (b) the ITO contacts a data
metal plug which then contacts the silicide.

2.34 Final Array Passivation

After the ITO patterning, a second SOG dielectric was spun onto the wafer and cured
on a hot plate at 275° C. This cure temperature was chosen to be less than the cure
temperature of the previous SOG layer in order to prevent stressing and possibly cracking
the previous SOG film. A contact hole was then patterned and etched using wet chemistry
to open an area where the OLED material would contact the ITO. This window defines the
area from which light will be emitted. The use of wet chemistry is important at this stage
in order to provide a gradual slope in the etched passivation oxide around the OLED
window formed on top of the ITO. A gradual slope is important in order to achieve good
step coverage of the OLED material.

Also, in order to guarantee a smooth surface for the OLED material, this final cut to the
ITO was placed only over the area of the ITO that has minimal topological variations
underneath it. The SOG underneath the ITO will ensure that the ITO is smooth except
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where this SOG has been etched for the ITO-data metal contact, while the SOG on top of
the ITO will planarize the region where the ITO contacts the metal plug. Thus, a smooth
topology is provided for the OLED material. A smooth surface prior to OLED material
deposition will minimize unwanted OLED material thickness variations and therefore
improve the brightness uniformity of the display. Figure 2.4(c) shows a final cross section
of the pixel prior to OLED material deposition.

24 Array Performance

The four major process improvements discussed above were all important to the final
array performance. The RTP process achieved uniform polysilicon characteristics. The
silicidation and ITO contact step reduced parasitic series resistance and therefore further
improved uniformity. The metallization was hillock free and prevented shorts to the OLED
common cathode. Finally, the passivation and planarization produced a smooth ITO
surface prior to OLED material deposition.

To determine the uniformity of polysilicon TFTs crystallized using the RTP process,
data was collected from wafers processed by RTP. The local uniformity was determined
by measurmg the standard deviation of threshold voltage over the area of one die
(0.25 cm®). The global wafer uniformity was determined by evaluating the data over an
area of 10 cm®. The local variation was 65mV for n-channel TFTs and 140mV for p-
channel TFTs. The global variation was 100mV for n-channel TFTs and 150mV for p-
channel TFTs. This data confirms that the RTP crystalhzatlon process leads to highly
uniform polysilicon TFTs.

The silicidation process also was found to improve the uniformity of the TFTs. Figure
2.8 shows a cumulative probability plot comparing TFTs fabricated with silicides to TFTs
fabricated without silicides. For a large group of silicided or non-silicided devices, the
value of Vgs was determined to achieve a median current level of 20 uA, at Vpg = 1V.
Then, the individual devices were measured to determine the exact drain current of each
TFT at this fixed Vgs value. The percent deviation from the median current (the target
current) was then measured for each TFT. This graph plots the deviation in the targeted
current as a function of the percentage of devices. This method takes into account both
mobility and threshold voltage non-uniformity and therefore best imitates the non-
uniformity in TFT pixel current. From Figure 2.8, it is clear that the silicided devices are
more uniform. For example, 80% of the silicided devices have currents that vary within
2% of each other, whereas the non-silicided devices have currents with variation greater
than 5%. This increase in uniformity is attributed to a reduction in the variable series
resistance.
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Figure 2.8 This figure shows a cumulative probability plot of TFT drain currents falling
within a percentage of the median current. It can be seen that the silicided devices are
more uniform.

In addition to TFT silicidation, it was also found that the method of contacting the ITO
to the silicon island was critical in determining the parasitic resistance of the pixel. The
series resistance resulting from connecting the ITO directly to the silicided island was
intolerably high and significantly deteriorated the pixel drive current. This is because when
the ITO was in direct contact with the nickel silicide an interfacial oxide was formed. This
contact then was no longer ohmic in nature. However, when adding the metal plug
between the ITO and the NiSi, the contact was ohmic and parasitic resistance had only a
minor effect on the pixel performance. The contact resistance using the ITO-metal-silicide
contact scheme was 480 pQ-cm? at a bias of 1 V. In contrast, the contact resistance of the
ITO-silicide scheme was 33 mQ-cm?, even at a bias of 10V.

To illustrate the advantages of this new contact method, Figure 2.9 shows the linear
transfer characteristics of the completed pixels using the ITO-metal-silicide contact method
as well as the ITO-silicide contact method. A control TFT is also shown which has no ITO
connection, but rather the silicide was probed directly. It can be seen that pixels using the
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ITO-silicide contact suffered greatly due the contact resistance, but that the pixels using the
ITO-metal-silicide contact does not have this problem and achieves characteristics similar
to the control TFT.
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Figure 2.9 TFT transfer characteristics comparing a TFT using an ITO-metal-silicide
contact scheme with a TFT using an ITO-silicide contact scheme.

VGA size arrays with a 4-cm diagonal were fabricated using the process described
above. . Figure 2.10 shows a photograph of a completed wafer prior to organic material
deposition and Figure 2.11 shows a microscope photograph of a completed pixel having the
single-TFT-per-pixel design. The pixel size is 50 um by 50 um. Figure 2.12 shows a
transmission mode photograph of a pixel having the two-TFT-per-pixel design; its pixel
size is 100 pm by 100 pm.

The pixel functionality was tested by probing the ITO pad and applying test voltages to
the periphery of the array. Pixel TFT characteristics were measured for n-channel and p-
channel wafers and for wafers with both types of ITO to island contacts. Figure 2.13
shows the transfer characteristics at Vpg = -1V of a p-channel TFT in the single TFT pixel
structure. The p-channel pixel TFT has a mobility of 21 cm®/V-s and the n-channel pixel
TFT has a mobility of 46 cm?*V-s. These characteristics were measured for the case where
the ITO contacts the NiSi via a metal plug. - After the completion of the arrays, the OLED
material was deposited and the displays were tested. An average brightness of 101 cd/m’
was obtained at a frame rate of 60 Hz [2.12]. The operating AMOLED display testifies to
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the success of the active matrix array panel and the fabrication approach discussed in this
section.

Figure 2.10 Photograph of the completed AMOLED array.

Metal -Silicide contact

Metal Line

- Polysilicon TFT

ITO - Metal contact /

OLED -ITO contact
Figure 2.11 Photograph of a completed 50 pm square single TFT pixel (top view).
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Storage Capacitor Pass TFT

A
Drive TFT
Figure 2.12 Photograph of completed 100 um square pixel having the two-TFT design.
The pass TFT, storage capacitor and drive TFT are indicated.

A unique driving method was implemented to operate the single TFT displays that were
fabricated. Normally the address line turns on the gates of all the transistors in a line at
once while maintaining the rest of the gates off. The data for this line is then written to the
source of these pixel transistors. In our approach, we connect the address line to the source
of all the pixel transistors, which is the data line in the other approach. The data is then
written to the gates of the transistors. Figure 2.14 shows a schematic of both approaches.
Figure 2.15 shows a photograph taken from a 4 cm VGA AMOLED display driven with
this scheme.

The two-TFT-pixel design was tested for functionality. The testing was performed by
illuminating alternating address lines. This method was chosen because illuminating
alternate data lines does not demonstrate the sample and hold capability of the design.
Good contrast was achieved indicating that this design has promise for active matrix OLED
displays.
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Figure 2.13 P-channel pixel TFT transfer characteristics. W/L=4um/8um, Vps =-1V.

Data Line Data Line

i Address Line

Figure 2.14 The schematic on the left illustrates the standard method of display driving.
The gate of the TFT is used as the address line and an analog data voltage is written to the
drain. Our method, shown on the right, connects the drain side of the TFT as the address
line and writes the data voltages to the gates of the pixel transistors.
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Figure 2.15 A 4-cm VGA polysilicon TFT based OLED display.

(The poor resolution is due to the digitization process)

2.5 Conclusions

A process to fabricate polysilicon TFT active matrix OLED display arrays has been
described. In order to create a display with uniform brightness, a variety of steps have been
introduced to reduce non-uniformity that may arise through processing. To achieve
uniform transistor threshold voltage and carrier mobility, a solid-phase polysilicon
crystallization by rapid thermal processing (RTP) was used. TFT threshold voltage
variation less than 200 mV was achieved using the RTP crystallization process. To reduce
the TFT series resistance, silicides were incorporated onto the source and drain regions of
the TFT and the silicides were found to significantly improve TFT current uniformity. To
reduce the series resistance of the pixel, a Ti-Al-Ni metallization scheme was developed to
- interface the ITO and the TFT island, resulting in a good ohmic contact to the ITO. The
Ti-Al-Ni metallization scheme also eliminated hillocks, which could otherwise cause
catastrophic shorts in the display. Finally, SOG was integrated to provide a well-planarized
surface for the OLED material. The final array pixel TFTs had effective mobilities of 46
cm’/V-s for n-channel TFTs, and 21 cm%V-s for the p-channel TFTs. These arrays
resulted in functional VGA AMOLED displays with brightness of 101 cd/m?.

37




Chapter 3

Polysilicon TFT Display Driver Circuits

Throughout this project, considerable work was done on polysilicon display driver
circuits. As it was discussed in Chapter 1, one of the main advantages of polysilicon TFT
technology is to the ability to integrate the display driver circuits along with the active
- matrix array on same substrate. In this work we demonstrated polysilicon display driver
circuits using the low cost, high throughput, RTP crystallization process. We have
fabricated shift registers operating as fast as 20 MHz. We have identified a trade-off
between the carrier mobility and the gain of operational amplifiers. We have also
developed a novel shift register design.

The first section discusses our results concerning polysilicon display driver circuits
fabricated using the RTP crystallization process. The second section describes the
performance of a novel shift register design. The third section details an interesting
phenomenon that we observed which was the trade-off between the transistor mobility and
the gain of operational amplifiers.

3.1 Characteristics of Low Temperature Polysilicon TFT Circuits

Integrating display driver circuits onto an active matrix TFT display panel can lead to
more rugged displays with lower system cost because of the reduction of the number of
required external driver chips and display connections. If no drivers were integrated, the
number of external connections for a color VGA format display would be 640x3 + 480 =
2400. When drivers are integrated this number can be reduced by more than an order of
magnitude. The integration of driver circuits can either be suited to an analog display
interface or a fully digital display interface. The analog display interface scheme utilizes
buffers, shift registers, and steering gates as the critical circuit components. The fully
digital approach requires digital-to-analog converters (DACs) as well as analog signal
amplification (operational amplifier) in addition to the components required for the analog
interface scheme [3.1]. Figure 3.1 shows a block diagram of the analog and digital display
driver integration approaches.

In order to be compatible with the display active matrix array processing, the driver
circuits need to be fabricated on a large area, and preferably lost cost substrate such as
glass. Furthermore, the driver circuits should be fabricated with the same material as the
pixel transistors in order to simplify the fabrication process. Polycrystalline silicon
(polysilicon) TFTs are an excellent contender as the active pixel element for high
resolution AMLCDs as well as for the emerging display technology of AMOLEDs
[3.2,3.3]. Currently, the dominant method to produce polysilicon TFTs is to crystallize the
amorphous silicon using an excimer laser. This technique can yield high performance
transistors suitable for driver circuits, but due to the scanning nature of the laser
crystallization process, the transistor properties are not uniform. Transistor uniformity is
critical for pixel TFTs for AMOLED displays in particular [3.2]. Furthermore, the laser
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process suffers from high cost and low throughput. For these reasons, an alternate
crystallization method is desired. .

- A new crystallization process, known as RTP, has been explored to improve the
transistor uniformity, cost, and throughput of the crystallization process [3.4, 3.5]. This
technique operates by scanning panels underneath a linear lamp, which selectively heats the
amorphous silicon film compared to the substrate. Though the resulting transistor
properties are highly uniform, the absolute transistor performance is not as high as that
achieved using the laser crystallization process. Previous work has demonstrated low
temperature polysilicon driver circuits using lower throughput furnace crystallization
techniques [3.1, 3.6], but work needs to be done to determine whether or not the higher
throughput RTP crystallization process is adequate for fabricating integrated driver circuits
for active matrix displays.

The objective of this work is to demonstrate the functionality of the necessary
components of integrated drivers in RTP crystallized polysilicon. These components
include buffers, shift registers, operational amplifiers, and DACs.:

HIGH SPEED REGISTER
LATCH
DAC
PASS GATES ANALOG AMPLIFIER
SHIFT SHIFT
REGISTER DISPLAY REGISTER DISPLAY
(a) (b)

Figure 3.1 Block diagfam indicating a display with integrated drivers having (a) an analog
interface and (b) a digital interface. ’

3.1.1 Low Temperature Circuit Fabrication

Circuits relating to display drivers were fabricated at glass compatible temperatures on
100 mm quartz substrates using an RTP crystallization process. The silicon was deposited
in the amorphous phase by PECVD deposition and then crystallized into polycrystalline
silicon using RTP. The crystallization temperature was a strong function of the amorphous
silicon deposition and annealing conditions. After optimization of these conditions, a
crystallization temperature of the polysilicon as low as 640° C was achieved at a RTP scan
speed of 5 mm/s [3.5]. This is less than the strain point of Corning 1737 glass. A self-
aligned TFT process was used which incorporated the use of silicides to improve the
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performance and uniformity of the transistors and the circuits. To verify the impact of
silicides on circuit performance, a wafer was processed with only half of it being silicided.
This enabled a direct comparison of the silicided and non-silicided circuits. The n-channel
transistors had an average mobility of ~15.0 cm*/V-s while the p-channel transistors had an
average mobility of ~11.0 cm?V-s. The TFT drive currents were uniform within 5% for
90% of the tested device population.

3.1.2 Design of Polysilicon TFT Driver Circuits

To demonstrate the capability of RTP crystallized polysilicon for integrated drivers
necessary integrated driver components for both an analog and a fully digital interface
scheme have been designed. These components are buffers, shift registers, operational
amplifiers, and digital to analog converters. First, the design issues regarding these

~components will be discussed. This will then be followed by a discussion of the
performance of the various driver circuit components fabricated in the RTP crystallized
polysilicon material.

3.1.2.1 Diagnostic Circuits - Ring Oscillators

Diagnostic circuits can be used to determine the maximum possible speed of a logic
gate fabricated with RTP crystallized polysilicon TFTs. A ring oscillator consists of an odd
number (N) of inverter gates connected back to back in a ring. This ring will oscillate with
a period equal to N gate propagation delays. The ring oscillators used in this study
contained 19 CMOS gates. Each inverter consists of a NAND gate with its two inputs
connected together. This W/L ratio of the n channel TFTs and the p-channel TFTs was
20um /4pum. A schematic of the ring oscillator is shown below in Figure 3.2.

VDD

Figure 3.2 This figure shows the ring oscillator structure on the left and the internal
inverter structure on the right.
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3.1.2.2 Buffers

A buffer is useful in reducing the output impedance of a digital circuit as well as in
isolating that circuit from its load. In the case of display drivers, the buffer is used to
isolate the shift register and the address lines. This isolation is required to prevent a defect
in the display or the buffer from adversely affecting the shift register operation and to
prevent the capacitance of the display address line from slowing down the shift register.
The buffer transistors need to be designed with large enough W/L ratios to drive the
capacitive load of the address lines. ,

In this work, both NMOS and CMOS buffers have been characterized to determine
their rise times for a 30 pF load. Each buffer contains four stages with the NMOS stages
having W/L ratios of 20, 45, 90, and 180 and the CMOS stages having W/L ratios of 10,
25, 50, and 100. For the NMOS buffers, the saturation load TFT has a W/L ratio of 1/10
that of the drive TFT. The channel length was eight microns for all buffer TFTs.

3.1.2.3  Shift Registers

Multiple shift register architectures were investigated to determine which designs are
most compatible with the properties of the RTP crystallized polysilicon transistors. Table
3.1 summarizes the designs that were investigated including some of the important features
of each design. The designs are divided into three categories, static, dynamic, and pseudo-
static. A static register relies on latches and will retain its digital information for an
unlimited amount of time provided the power supply remains on. The dynamic designs
rely on the pass transistor to hold a voltage at the input of an inverter while the clock is
OFF. The leakage current of the pass TFT is critical for the dynamic designs. The slower
the clock frequency, the more time the pass TFT has to leak. The dynamic designs will
have a minimum frequency below which the register will not operate. The pseudo-static
design provides a clocked feedback to prevent leakage of the pass TFT from affecting the
output. However, the pass TFT will still leak during the time between clocks and this will
lead to a maximum tolerable time between clocks after which the register will fail to
operate. This is why it is labeled "pseudo-static." Figures 3.3 and 3.4 show the design
schematics of these three approaches. The dynamic approach has the lowest transistor
count (five per stage), which can lead to higher yield. The static design, an NMOS design
based on clocked D Flip Flops (DFFs), requires eight transistors per stage but does not
require low leakage current transistors. The pseudo-static designs require six TFTs per
stage. The static and CMOS dynamic designs were not buffered and could be tested only
up to speeds such that they could drive the input capacitance to the probe. The other
designs were buffered and the W/L ratio of the final stage is also given in Table 3.1.

iCKB _T_CKA

O O
IN
CKA CKB -[CKA ICKB

(@ (b)

Figure 3.3 Circuit schematics of the (a) dynamic design and (b) pseudo-static design.
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Figure 3.4 Schematics of the static shift register design showing (a) the block diagram and
(b) the DFF internal circuit schematic.
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3.1.24 Operational Amplifier Design

An operational amplifier design was desired with maximum gain and minimum
complexity to demonstrate the feasibility of op-amp design with RTP crystallized
polysilicon TFTs. The design chosen was a CMOS uncompensated design containing
nine TFTs. Figure 3.5 shows a circuit schematic of the op-amp [3.7]. The design
consists of a differential amplifier stage, a level shifting stage, and a gain stage. The two
input TFTs were chosen with a W/L ratio of 50um /10um. The 10 pm channel length
was chosen to provide better saturation TFT behavior. The width to length ratio of the
output stage is 50.

5 VDD

P

. louT
L =L Qo

Figure 3.5 Uncompensated operation amplifier schematic [3.7].

3.1.2.5 Digital to Analog Converter Design

Our goal in the design of the DAC was to achieve proper digital to analog conversion
with the simplest design. For these reasons a current-based DAC architecture was used.
Low transistor count is critical in large area electronics where yield is an important issue.
This design, shown in Figure 3.6, requires four transistors for three-bit conversion and
would require one additional TFT for each additional bit of resolution. Of the four
transistors, the load TFT (transistor at the bottom of the schematic) is intended to operate
in the linear mode and serve as a fixed value resistor. The widths of the input transistors,
A, B, and C, are N, 2N, and 4N respectively. If the resistance of the load TFT is small,
these transistors will have approximately the same Vpg and therefore will deliver a
current proportional to their widths when its input bit is high (Vyign). The output voltage
of the DAC equals the sum of these currents multiplied by the resistance value of the
bottom TFT. This formulation is given in equation (1), where it is assumed that the input
TFTs are operating in saturation.
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Figure 3.6 Current based three- bit DAC design.
3.1.3 Experimental Characterization of Polysilicon TFT Circuits

3.1.3.1 Diagnostic Circuits

The oscillation period of the ring oscillators were characterized.as a function of the
power supply voltage. Figure 3.7 plots the delay per gate as a function of the supply
voltage. At a supply voltage of 26 V, a gate delay as low as 5 ns was achieved. This
indicates a maximum circuit frequency of 100 MHz. This speed is above what is
required for integrated display drivers for VGA sized displays. A calculation of shift
register speed requirements is found in Appendix B. Figure 3.7 also illustrates the
difference between using silicided devices and low resistance silicided gate interconnects
compared with using a standard highly doped polysilicon gate process. It can be seen
that the silicidation process improves the circuit speed by approximately 10%.
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Figure 3.7 Oscillation period of a 19-stage ring oscillator as a function of the power
supply voltage. The data is shown for both silicided and non-silicided ring oscillators.

3.1.3.2 Buffer Characterization

Both the NMOS and CMOS buffers were tested to determine their rise and fall times.
A 30pF load was used. Figure 3.8 plots the rise and fall times of the two buffer
technologies as a function of the supply voltage. The expected trade-off between
operating speed and supply voltage is evident. Also as expected, the NMOS technology
consumed far more power than the CMOS technology for the same rise time (2 mW/stage
compared to 0.001 mW/stage for Vpp=20V). However, the CMOS technology required
higher operating voltages to achieve microsecond rise and fall times (30V compared to
22V). This is due to a higher p-channel TFT threshold voltage compared with the n-
channel TFT threshold voltage for the low temperature RTP crystallized material.
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Figure 3.8 Rise and fall times of NMOS and CMOS buffers. Coap = 30 pF

3.1.3.3 Shift Register Characterization

The designs listed in Table 3.1 were fabricated and characterized and their
performance is summarized in Table 3.2. The first column lists the supply voltage for
which the register was tested and the second column lists the DC power consumed. The
minimum operating frequency is the minimum speed that the register could be
functionally driven. This parameter provides insight into the leakage current of the pass
transistors. The lower the TFT-leakage current, the lower the minimum operating
frequency. It can be seen from Table 3.2 that the NMOS dynamic design using offset
devices (TFTs optimized for lower leakage current) has a lower minimum operating
frequency than the same design using the standard self-aligned TFT structure. All
designs were tested using a clock high voltage of 15 V and a clock low voltage of 0 V.

Table 3.2 also shows the results of two different methods used to measure the

~maximum speed of the shift register. Method A lists the maximum sucessfully tested

frequency. However, this parameter is dependent upon the high frequency clock
generation limitations of our equipment (~5 MHz). Furthermore, the output waveforms
are distorted at higher frequencies due to the load capacitance of the measurement set-up
and the size of the buffer output stage. To overcome these testing limitations, the results
of a second method are also listed in Table 3.2 under the column, Maximum Frequency -
B. This technique measures the minimum clock pulse width applied to the pass gates for
the register to maintain proper shifting operation. This time was measured by varying the
duty cycle of the clocks at frequencies lower than the maximum speed of the register.
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This minimum clock pulse width provides an indication to the maximum speed of the
register, according to equation (2), without requiring the buffer to switch at that speed.

Srax = —_—1— (2)

2 * 7'-MIN

It can be seen from Table 3.2 that all of the designs except for the static design are
able to operate in the MHz frequency range. The results of the two maximum frequency
measurement techinques are consistent for those cases where the maximum frequency is
less than the maximum testing frequency of the set-up (2.5 MHz). In the cases where the
registers were still operating at 2.5 MHz, the second technique provides the only
" measurement of the maximum register speed. The speed limitation of the dynamic and
pseudo-static designs is likely due to the limitation of the pass transistors ability to
adequately charge the next stage in the clock time. If the clock voltage is reduced below
the 15 V standard used during the measurements presented in Table 3.2, the maximum
speed of the register is reduced, indicating that the conductance of the pass transistor does
indeed limit the maximum register speed. If the pass TFTs were designed with a greater
WI/L ratio, the register would operate at higher frequencies. The static design speed
limitation can be attributed to the small W/L ratio of the load TFTs of the DFFs.
Increasing the W/L ratio of this TFT should increase the maximum speed of this register.

Figure 3.9 shows the timing diagram for the dynamic NMOS register (48 um pitch)
operating at a clock frequency of 30 kHz. This is the required speed for a shift register as
an integrated scan driver for a VGA sized display operating at 60 frames per second. The
non- overlappmg clocks are shown as well as the input and the outputs of the 2" 4" 6™
and 8™ stages with relation to the input signal. It can be seen that the subsequent stages
are each properly shifted by one clock cycle.

80 —
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Figure 3.9 Timing diagram showing the shifted outputs of a dynamic NMOS register
operating at 30kHz. The two clocks, outputs and the input are shown.
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3.1.3.4 Operational Amplifier Characterization

The CMOS operational amplifier design was fabricated and characterized for both
AC and DC performance. Figures 3.10(a) and 3.10(b) show the AC performance of the
op amp at different supply voltages. The unity gain point for the design is greater than
200 kHz for a supply voltage of 15 V and increases with increasing supply voltage.
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Figure 3.10 This figure shows the (a) gain and (b) phase plots for the uncompensated
operational amplifier with Vdd=Vss=18 V. The W/L ratio of the CMOS output stage
=50 and CLOAD =30 pF
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It can be seen the higher supply voltages increase the unity gain frequency as well as
increase the frequency for which the output is 180 degrees out of phase with the input.
The op amps had a maximum DC gain of 500 (54 dB) depending upon the polysilicon
material properties. This effect will be discussed in more detail later in this report.

3.1.3.5 Digital-to-Analog Converter Characterization

The DAC design was fabricated and tested for functionality at low frequencies.
Figure 3.11 plots the output voltage of the DAC as a function of time. The three input
bits were varied with time to raster from the case of the digital inputs being all high to the
case of the digital inputs being all low. The bits were changed at a frequency of 1.2 kHz.
This sequence was then repeated in time at a frequency of 150 Hz. The output voltage
range of the DAC was between 0 and 0.5 volts. This smaller range can be amplified to
the desired range using analog amplification methods, such as an op-amp.

It can be seen from Figure 3.11 that the output is not completely linear with the input
bit sequence. This is because the resistance of the amount of current flowing through the
input transistors is a function of their gate to source voltages. The source voltage
depends directly upon the output voltage of the DAC. If the output voltage changes are
small, the linearity can be improved. This can be accomplished by reducing the
resistance of the load TFT by increasing the voltage on its gate (Vgg). The linearity of
the design also may be improved by using p-channel TFTs as the input transistors. If
operating in saturation, this eliminates the dependence of the input TFT current on the
output of the DAC.
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Figure 3.11 Plot of DAC output voltage as a function of time. The input bits are
changed at a rate of 1.2 kHz.
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3.2 A Novel Shift Register Design

Polycrystalline silicon (polysilicon) has emerged as the leading deposited
semiconductor candidate for high resolution AMLCDs and AMOLED displays where
integrating driver circuitry has the greatest benefit [3.8, 3.9, 3.10]. Polysilicon TFTs can
be fabricated at temperatures less than 650° C but there remains a trade-off between
device performance and polysilicon deposition and crystallization cost and throughput.
Prior methods to achieve high quality polysilicon devices resulted in either low
throughput, such as furnace anneal, or high equipment cost, such as the excimer laser
anneal. Low cost, high throughput crystallization methods such as RTP have been
recently proposed but the device performance is not as good as the laser-crystallized
“material [3.11]. As a result, the design of integrated driver circuits for Jow temperature
polysilicon technology must be as forgiving as possible to accommodate variable levels
of transistor performance. This work discusses a dynamic shift register design with an
improved range of operating frequency. The increased range of operating frequency
relaxes the constraints on the TFT performance and therefore is a better design
particularly for high throughput, low cost polysilicon technology.

The shift register is an important circuit component for integrated drivers. Shift
registers can be used as the address line circuit to activate each display row line in
sequence. The shift register can also be used to load serial digital data into a parallel
display data driver latch [3.12]. The speed requirement of a shift register operating as an
integrated address circuit is approximately 30 kHz for a VGA format display operating at
60 frames/second. However, the operating speed will increase as the number of gate
lines or as the frame rate increases. The operating frequencies of a shift register being
used for data loading functions are much faster (>1 MHz) depending on how many digital
inputs the display is using as well as on the display format. For either application, it is
desirable to have a shift register design that can function over as broad a frequency range
as possible.

Shift registers can be designed in both static and dynamic modes. Though static
designs have no lower limit on operating frequency, they require more transistors per
stage than does a dynamic register design. For large area electronics applications, it is
desirable for the shift register to have as few transistors as possible in order to increase
the fabrication yield. Since yield is an important concern, the dynamic register
architecture is of great interest for integrating display driver circuits onto large area
substrates.

A common version of a dynamic shift register design is shown in Figure 3.12. The
design is based on a chain of inverters that are separated by pass gates which are clocked
with opposite non-overlapping clock phases. This dynamic design has a maximum
operating frequency and a minimum operating frequency that is dependent largely upon
the properties of the pass TFT. It is desired to have a maximum frequency as high as
possible and a minimum frequency as low as possible in order to have the greatest range
of register operation. '
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Figure 3.12 Dynamic shift register schematic

The maximum frequency is limited by the ability of the pass TFT to charge the input
capacitance of the next buffer within the time period of the clock. The more conductive
the pass TFT is when its clock is high, the higher is the maximum frequency of the
register. The leakage current of the pass TFT determines the minimum frequency. The
charge stored on input capacitance of the next inverter will leak through the pass TFT
until that inverter changes states. When that happens, the register is in error. Therefore,
the transistor structure of the pass TFT is critical in determining the frequency limitations
of the register.

The pass gate TFT can be fabricated using a variety of TFT structures. The most

-common polysilicon TFT structure is the self-aligned structure. A device cross section of
the self-aligned TFT is shown in Figure 3.13(a). The self-aligned TFT structure
minimizes the series resistance of the TFT and maximizes its ON current. A shift register
using this device structure will maximize its maximum operating frequency. However,
due to the high leakage current of the self-aligned polysilicon device, the minimum
operating frequency of the register may be too high for it to operate properly as a display
address line driver circuit. To reduce the minimum operating frequency of the register,
the leakage current of the polysilicon pass gate needs to be reduced. The most common
device structure used to accomplish this in the LDD structure [3.13], shown in Figure
3.13(b). In this structure, the channel is separated from the heavily doped, low resistance
source and drain regions with a lightly doped, high resistance region. This region reduces
the electric fields at the drain when the TFT is OFF and, as a result, reduces the leakage
current of the TFT compared with the self-aligned structure. However, due to the
introduction of the lightly doped region in series with the TFT, the ON current is reduced
as well.

METAL LAYER METAL LAYER

N+ SOURCE AND DRAIN REGIONS * LDD REGIONS
(a) (b)
Figure 3.13 Cross sections of (a) self-aligned TFT structure and (b) LDD TFT structure
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A dynamic shift register using a LDD pass gate TFT structure will have a reduced
minimum operating frequency compared with using a self-aligned pass gate TFT
structure, but at the expense of also having a reduced maximum operating frequency.
In this work we investigated a different pass gate TFT structure to improve the
operating frequency range compared with either the self-aligned or LDD TFT
structures. The structure consists of a modified LDD pass TFT structure, but with the
addition of a second control gate that is used to modulate the conductivity of the
lightly doped regions of the LDD device. When a positive bias is applied to the
control gate, the concentration of carriers in the LDD regions is increased. This extra
terminal can provide an increase in the ON current of the device without sacrificing

. the low leakage current behavior of the LDD structure. This operation of this device
is similar to other device structures aimed at increasing the concentration of carriers
in the LDD region [3.14,3.15]. A cross section of this device structure is shown in
Figure 3.14.

LDD REGIONS

Figure 3.14 Cross section of modified pass gate TFT structure

3.2.1 Fabrication

Dynamic shift registers with the different pass TFT structures indicated in Figures
3.13(a) and 3.13(b) were fabricated on 100 mm quartz substrates. Amorphous silicon
was deposited by PECVD and then crystallized using the high throughput RTP
crystallization process. Crystallization temperatures of the polysilicon were less than the
strain point of Corning 1737 glass. A 100 nm gate dielectric was then deposited using
PECVD followed by the in-situ deposition of an amorphous silicon gate. Source and
drain doping was achieved by ion implantation of phosphorus with a dose of 2x10"> cm™.
The LDD regions of the n-channel TFT were also doped by ion implantation of
phosphorus but with a dose of 5x10'2 cm™. The dopants were activated in a furnace at
650° C. This was the maximum temperature of the process. After activation, 300 nm of
PECVD passivation oxide was deposited followed by contact holes and metallization.

The metallization layer was used for the second gate of the new pass TFT structure.
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The self-aligned n-channel transistors had an average mobility of 15 cm?/V-s. Figure
3.15 plots the transfer characteristics of the standard LDD (Vc=0V) and the gated LDD
structure. The characteristic of a self-aligned TFT is shown for comparison. It can be
seen that the gated LDD device has a greater ON-OFF ratio compared to the standard
LDD device and therefore is expected to lead to a greater range of operating frequency
when applied to the dynamic register design.
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Figure 3.15 Transfer characteristics of the standard LDD structure (Vgg=0V), gated
LDD structure, and self-aligned TFT structure.

322 Characterization

The dynamic registers with the different pass TFT structures behaved as expected
with respect to their minimum and maximum operating frequencies. Figure 3.16 plots
the minimum and maximum frequency of the dynamic shift register design as a function
of the gate voltage over the LDD (Vgg) regions. All registers were tested for Vpp=17V.
The standard LDD structure is equivalent to the case where Vgg = OV. According to
Figure 3.16, the standard LDD device achieved the lowest minimum operating speed of
500 Hz, but the increase of the minimum speed with increasing Vg was minor. Even for
Vee =40 V, the minimum operating frequency has only increased to 730 Hz. However,
the increase in maximum frequency with increasing Vgg was far more significant. The
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maximum operating frequency of the register using the standard LDD structure (Vgg =0
V) was 49 kHz while the maximum operating frequency for the case of Vg =40 V was
333 kHz.
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Figure 3.16 Plot of the minimum and maximum frequency for the dynamic as a function
of Vgg. The register with Vg =40 V has the greatest range of operating frequency.

Since the increase in maximum operating frequency was far greater than the increase
in the minimum operating frequency, the register with Vgg = 40 V has a much greater
range of operating frequency than the register using the standard LDD pass gate structure.
Figure 3.17 plots the operating range of frequency (fmax/fmiv) as a function of the LDD
- gate voltage (Vgg) voltages. It can be seen that the gated LDD structure has a factor of
five greater operating frequency range compared to the standard LDD device (Vgg = O0V).
Figure 3.18 shows the timing diagram of the dynamic register using the gated LDD
structure operating at ~ 30 kHz. The design was buffered with an output W/L ratio of
180pum/8um for the drive TFT and 18um/8um for the saturation NMOS load TFT. The
non-overlapping clocks are shown as well as the input and the shifted outputs.
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Figure 3.17 Operating frequency range as a function of the LDD gate voltage (Vgg).
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33 Trade-Off Between Carrier Mobility and Op-Amp Gain

This section describes a trade-off between the carrier mobility and the gain of an
operational amplifier. In general, we wish to fabricate TFTs with high mobility and
amplifiers with high gain. However, in this section we describe some of our results that
indicate that these two goals are in conflict.

The theoretical gain of the op-amp that was investigated in this work is given by
equation (1) [3.7]. It can be seen from equation (1) that the op-amp gain can be increased
by increasing either the TFT trans-conductance or by reducing the TFT saturation
conductance.

— . +
A — gml ng gnz‘) (1)
8ut8u )\ 8ust8&uo

The CMOS operational amplifier design was fabricated and characterized for AC and

DC performance. The AC performance was already presented earlier in Section 3.1. The
op amps had a large variance in DC gain ranging from less than 100 to over 500
depending upon the polysilicon material properties. In general, the goal is to achieve as
large gains as possible. In order to maximize the operational amplifier gain it is
necessary to understand how the TFT performance impacts the DC op-amp gain.
Equation 8 indicates that larger g, and smaller g4 lead to increased DC op-amp gain.
Polysilicon TFTs fabricated in larger grain size polysilicon are known to have higher
mobility. Increasing the mobility increases the gy, and hence should increase the op-amp
gain. However, we found that smaller grain sizes have a reduced gy by reducing the
channel length modulation effect and thereby also increase the op-amp gain. To
investigate the effect of polysilicon microstructure on op-amp DC performance,
operational amplifiers were measured for a variety of low temperature polysilicon
materials having a variety of mobility values.

Figure 3.19 plots the DC open loop gain as a function of the carrier mobility at a
supply voltage of 20 V. From this plot, it is clear that larger op-amp gain is achieved
using polysilicon material with smaller mobility. Apparently, even though these
materials have smaller g, they also have smaller g4 which leads to an increase in the
open loop gain.

34 Conclusions

This work shows that RTP polysilicon is a viable material for integrating driver
circuitry onto the display panel. Both digital and analog circuits, suitable for AMLCDs
and AMOLED displays, have been demonstrated for the first time in RTP crystallized
polysilicon material. Ring Oscillators indicate a maximum logic gate operation speed of
100 MHz at Vdd = 28 V. NMOS and CMOS buffers have been fabricated and tested to
have rise and fall times less than 1 ps for a 30 pF load. Multiple shift register designs
have been characterized, and operating speeds greater than 20 MHz were achieved.
Functional DACs and operational amplifiers have also been demonstrated and an open
loop gain as high as 500 V/V was achieved.
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Figure 3.19 The DC open loop op-amp gain is plotted as a function of the polysilicon
carrier mobility. Smaller mobility leads to larger open loop gains.

A design improvement for dynamic shift registers fabricated with low temperature
polysilicon TFTs has been described. A greater range of operating frequency was
achieved using a gated LDD device structure for the pass gate of the dynamic register
(fvax/fmin = 450). This was more than four times greater than that achieved using a
standard LDD pass gate structure (fmax/fmiv = 100). This improvement in operating
frequency range is explained by an increase in the ON current of the pass gate without a
significant increase in the leakage current. This increase in operating frequency range is
important to low temperature integrated display driver circuit design. The greater range
of operating frequency provides more tolerance to limitations in device performance and
indicates an improvement in register design. An analysis was also performed that related
the carrier mobility and the gain of an operational amplifier. It was shown that a trade-
off exists between high carrier mobility and high gain. It was shown that larger op-amp
gain is achieved using polysilicon material with smaller mobility. Even though these
materials have smaller transconductance, they also have smaller conductance, which
leads to an overall increase in the open loop gain. This observation and understanding is
important in optimizing the polysilicon material not only for device performance but also
for circuit and system performance.
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Chapter 4

Advances in AMOLED Array Metallization

In this chapter we discuss in detail the metallization processes that were developed
and used to fabricate the AMOLED arrays discussed in Chapter 2. These processes
include:

1) A low temperature silicidation method, in order to improve on current and
uniformity of the polysilicon TFT devices.

2) A hillock-free, low resistance metallization scheme that could be used as the array
interconnect level. Hillock-free is required to avoid shorts with the OLED
cathode electrode while the low resistance to reduce the parasitic line resistance.

3) A metallization process that yields an ohmic contact with low contact resistance
between the TFT and the transparent ITO pixel electrode of the OLED material

The following sections describe in detail the results in each of the above three areas.
The first part deals with the effort to develop an AMOLED process compatible silicide.
The second section is on the work that went into developing a hillock free metallization.
The third and final section explains the development of an ohmic contact to an ITO
electrode.

4.1 Cobalt and Nickel Silicides for Polysilicon TFTs.

Silicidation on thin (<100 nm) silicon films is useful for polysilicon AMOLED
display applications because the thin film transistors exhibit high extrinsic series
resistance [4.1.1]. Such silicidations need to take place at low temperatures, as the
processing must be compatible with the use of glass substrates for AMOLEDs, which
limits thermal processing to below 700° C [4.1.2]. Our work has showed that cobalt and
nickel are compatible with polysilicon thin film transistor active matrix flat panel display
processing.

Low temperature fabrication of thin silicides is also becoming a necessity in single-
crystal silicon CMOS processing, because the decreasing junction depth requires the
formation of thin silicides at temperatures which will not cause re-diffusion of shallow
junctions. Cobalt and nickel form silicides at temperatures below that of titanium [4.1.3,
4.1.4]. In this work, cobalt and nickel silicides were investigated on polysilicon films
with thickness variations ranging from 18 to 100 nm, and for comparison purposes, on
single-crystalline silicon.

In CMOS circuit fabrication, a clean, dry, oxygen-free surface is required for reliable
silicidation [4.1.5]. In this work we examined the role of surface preparation and drying
method as well as the thickness of the polysilicon layer on the sheet resistance of the
resulting silicide, expanding on previous work by Mishima et. al. [4.1.6, 4.1.7]. The
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impact of these variables on the silicidation reaction was determined through the sheet
resistance of the silicide. A method using isopropanol (IPA) drying to prepare clean, dry,
passivated surfaces for the reproducible fabrication of silicides on large area glass
substrates is presented. Furthermore, the silicides were tested to determine their chemical
and thermal stability under normal process conditions. The silicon layers used in this
study were 100 nm and 18 nm thick polysilicon films, and the resulting silicides were
compared to that of "standard" samples of silicides formed on crystalline-silicon
substrates.

4.1.1 Preparation of Silicides

4.1.1.1 General Deposition Conditions

The general preparation, deposition, and silicidation conditions are given in this
section. Modifications for particular studies are given in the following subsections.
Samples consisted of the following: (a) single-crystal silicon, (b) single-crystal silicon
with 1 micron of thermally-grown SiO,, patterned to expose windows to the silicon
surface, and (c) polysilicon films of 100 or 18 nm in thickness, deposited by LPCVD at
580° C on oxidized silicon wafers having 1-micron thick thermally-grown SiO,. The
samples were RCA cleaned, and immediately before loading into the sputtering system,
each would receive an HF-treatment. The various HF-treatment procedures that were
investigated in this work are described in the next section, having the title of Surface
Preparation.

After loading into the system load-lock chamber, the samples were pumped down to
less than 100 microTorr. The samples were then loaded into the main chamber. The
main chamber was at a base pressure of less than 2.5 x 10-’ Torr when the sample was
introduced. After pumping the main chamber to less than 1 microTorr, either cobalt or
nickel was deposited using RF sputtering at 250 W from 150 mm diameter targets.
Argon was used as the sputtering gas at a pressure of 9 mTorr and the targets were pre-
sputtered for two minutes prior to film deposition.

The sputter rates of cobalt and nickel were 6 and 4.3 nm/min, and target to substrate
distance was 150 and 100 mm respectively. After metal deposition, some samples were
removed and the as-deposited metal sheet resistance was measured. For silicide samples,
after extinguishing the plasma the chamber would be evacuated to less than 1 microTorr,
and the sample was then moved under a quartz lamp heater for in situ annealing. After
the in situ silicidation anneal, the sample was removed from the sputtering system and
any unreacted metal was etched away, using a 3:1 H202:HCI for the cobalt samples and
3:1 H,0,:H,S0O4 for the nickel samples. The sheet resistance of unpatterned samples was
measured using a four-point probe setup. The sheet resistance of the bulk silicon was
greater than 4 kohm/sq.

4.1.1.2  Surface Preparation Study

Various HF-dip and rinse methods were investigated to determine the effect of the
rinse method and the hydrophilic/hydrophobic nature of the sample on the quality of the
silicide. Single-crystal Si samples which were N, dried after HF dip were used as the
control samples. These substrates were entirely hydrophobic after the dip. However,
both oxidized silicon wafers and AMOLED glass panels are hydrophilic and the water




from the HF solution, or any rinsing solution, must be removed for vacuum integrity. In
order to simulate the hydrophilic nature of glass substrates, silicon wafers with thick,
thermally grown oxides were used. The experimental substrates used for this were
oxidized single-crystal silicon with patterned oxide windows.

In this study the following HF-dip and rinse treatments were investigated: (a) 25:1
H,O:HF dip (HF-dip) followed by N, blow dry (HF-N,); HF-dip followed by deionized
(DI) water rinse and N2 drying (HF-DI-N2); (b) HF-dip followed by isopropanol (IPA)
rinse and N, drying (HF-IPA-N,); and (c) HF-dip followed by DI rinse, IPA rinse, and N,
drying (HF-DI-IPA-Nj).

After the HF treatments, 6 nm of Co or 9 nm Ni were deposited and the silicide was
. formed at either 700° C or 400° C for 10 minutes through an in situ annealing. This was
followed by an etch to remove unreacted metal. The sheet resistances of the silicides on
the various substrates with different preparation methods were then compared.

4.1.1.3  Thin Film Silicidation Study

In this study, the relationship between the deposited metal film thickness and the
resulting silicide sheet resistance was explored. Additionally, the thermal and chemical
stability of the silicides was quantified using sheet resistance measurements. The
samples were prepared using the HF-dip, DI water rinse, IPA rinse, and nitrogen-drying
treatment as described above in the surface preparation study. Cobalt was sputtered to a
thickness of 3 or 6 nm and annealed at temperatures ranging from 600 to 700° C for 10 to
30 minutes, on single-crystal silicon and polysilicon samples. Nickel was sputtered to a
thickness of 4 or 9 nm and annealed at temperatures ranging from 250 to 600° C, also on
single-crystal silicon and polysilicon samples. Both cobalt and nickel silicide samples
were formed by in situ annealing as described in the section surface preparation. After
the silicidation anneal, the samples received their respective metal etches, and the sheet
resistance was measured using a four-point probe. The chemical resistance of nickel
silicide and cobalt silicide was examined by exposing samples to commonly-used
chemicals in semiconductor processing: (a) 1:1:5 NH4OH:H,O0,:H,O, (b) 1:1:5
HCIl:H,0,:H,0, (c) 20:1 H,O:HF, (d) 6:1 NH4F:HF (BHF), (e) 16:1:1:2 H3PO4: acetic
acid: HNO3:H,O (aluminum etch), (f) 1:50:20 HF:HNO;:H,O (silicon etch), and (g) 3:1
H,0,:H,SO,. The thermal stability of the nickel silicide and cobalt silicide films was
explored by using furnace annealing of the samples at 600° C in an N, ambient over
several hours, with the changes in the films being characterized using periodic sheet
resistance measurements.

4.1.2 Experimental Results

4.1.2.1 Surface Preparation Study

The sheet resistance of the cobalt silicide as a function of the surface preparation
method and substrate is shown in Table 4.1. The sheet resistance of nickel silicides is
shown in Table 4.2. The sheet resistance is measured using four-point probe method and
is the ratio of material resistivity to its thickness. It has the dimensions of ohm/sq where
sq is the number of squares expressed as the ratio of length to width of resistor line. The
silicides have similar sheet resistance, about 13 ohm/sq for cobalt silicide, 9 ohm/sq for
nickel silicide, regardless of the surface preparation. DI-water rinsing effectively
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removed liquid HF from the samples (HF-DI-N, and HF-DI-IPA-N;) and did not affect
the sheet resistance of the silicide films. The IPA did not degrade the surface preparation
as shown by the similar sheet resistance of the IPA samples in comparison to the non-IPA
samples. It is important to note that the IPA did effectively remove water from the
samples, particularly the hydrophilic samples and made pump down more rapid due to
the complete removal of water from the sample. Hence two conclusions can be drawn.
IPA drying does not destroy the passivation of the silicon surface provided by the HF-
dip. Further, DI-water rinsing does not affect the passivation provided by the HF-dip, so
that the acid can be thoroughly rinsed before IPA drying. This method of preparing
substrates for silicidation is applicable to large area active-matrix LCD glass panels,
which are hydrophilic and consist of large areas.

Substrate HF-N, | BF-IPA-N, HF-DI-N, HF-DI-IPA-N,
silicon blank 12.9 12.7 12.7 12.7
patterned oxide 12.6 11.6 12.6 11.6
polysilicon 13.5 16.6 13.0 14.6
Table 4.1 Sheet Resistance (ohm/sq) of Cobalt Silicide with Different Surface

Preparation. (All silicides were formed by annealing 6 nm of cobalt at 700° C for

10 minutes)

Substrate HF-N, | HF-IPA-N, HF-DI-N, HF-DI-IPA-N,
silicon blank 9.8 10.5 9.3 10.2
patterned oxide 9.8 9.3 9.3 9.3
polysilicon 10.1 10.2 9.4 9.9

Table 4.2 Sheet Resistance (ohm/sq) of Nickel Silicide with Different Surface
Preparation (All silicides were formed by annealing 9 nm of nickel at 400° C for
10 minutes)

4.1.2.2 Thin Film Silicidation Study

COBALT SILICIDE

The effect of silicidation temperature on the sheet resistance of cobalt silicide formed
on single-crystal and polycrystalline silicon is shown in Figure 4.1. For 10 minutes
anneals, the transition temperature from a higher resistance to a lower resistance phase is
650° C, with a final-phase sheet resistance of 13 ohm/sq. Films annealed for 10 minutes
at 600° C show a high sheet resistance: 240 +/- 25 ohm/sq. The low resistance phase is
fully realized at 600° C when annealed for 30 minutes, when the sheet resistance is 13
ohm/sq. Thus low resistance cobalt silicides can be made using a glass compatible
process.
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The sheet resistance values of cobalt silicides on 100 nm polysilicon sample and on
crystalline silicon substrate were identical when formed using 600 °C and 650 °C
anneals, but not at 700° C. At 700° C, the sheet resistances of the films on the
polysilicon samples are greater than the silicides formed on single crystal silicon. This
was observed for films formed from both 3 nm and 6 nm of cobalt. It has been reported
that at high temperature anneals, >950° C, the grain size of the cobalt silicide increases,
leading to an increased roughness of the film with a corresponding increase in resistivity
[4.1.8]. The increase in sheet resistance of the polysilicon samples when prepared at
700° C compared to those prepared at 600° C and 650° C can be explained by similar
phenomena. The higher temperature silicidation anneal leads to a greater degree of
. agglomeration, which results in a higher measured resistivity for those samples formed
on polysilicon. As this agglomeration effect is enhanced by a polycrystalline
morphology [4.1.9], the cobalt silicide samples on single crystal silicon formed at 700° C
do not experience a similar increase in resistance.

Cobalt silicide samples were subjected to a variety of chemical reagents to determine
their stability in common etchants. As can be seen from Table 4.3, a cobalt silicide
sample can be exposed to the following chemicals without degradation: the RCA clean,
the Pirhanna clean of 3:1 H,0,:H,SO4 a PAN etch, and a 3:1 mix of H,0O,:HCI.
However, the film proved completely incapable of resisting any chemical mixtures
involving HF. Both the silicon etchant and even a very weak 30:1 H,O:HF solution
quickly destroyed the film.

While the cobalt silicide films lacked resiliency when exposed to certain chemicals,
they proved to have excellent thermal stability at 600° C. Samples formed on single-
crystal silicon and then furnace annealed at 600° C in an N, ambient exhibited little
change in their sheet resistance over the entire annealing time of three hours, as evident in
Table 4.4.
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Sheet Resistance (ohm/sq) of

Etchant Solution sample formed at 600° C after etch Notes

1:1:5 NH4OH:H202:H20 28.5 10 min

1:1:5 HCl:HzOZ:HzO 28.5 10 min

20:1 HZO:HF no film 2 min

30:1 HZO:HF 96.3 30 sec

6:1 NH4F:HF no film 30 sec

16:1:1:2 H3PO4: CH;COOH: HNO3: HZO 28.5 2 min, 60° C

1:50:20 HF:HNO3:H20 no film 2 min

1:1:5:3 HZSO4: H3PO4: CH;COOH: HNO3 30.3 2 min
3:1 HZSO4:HZO2 28.5 10 min

3:1 HCl:H202 28.5 5 min

Table 4.3 Chemical Reagent Testing of Cobalt Silicide. Initial Sheet Resistance of
samples formed at 600° C, 30 minutes = 28.5 ohm/sq
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Sample | prior to anneal l 1 hour | 2 hours I 3 hours

Nickel Silicide formed on 8.3 27.4 33.6 40.5

c-Si at 400° C for 10 min +/-3% +/- 8% +/- 15% +/- 15%

from 10 nm of Ni portions of film
unreadable

Nickel Silicide formed on 9.7 35.0 41.5 48.6

c-Si at 600° C for 10 min +-5% +/-T7% +/- 12% +/- 25 %

from 10 nm of Ni portions of film
unreadable

Nickel Silicide formed on

c-Si at 400° C for 10 min 2.66 2.73 2.85 3.05

from 30 nm of Ni +/-2% +/-3% +/- 3% +/- 4%

Cobalt Silicide formed on 28.5 27.2 27.2 26.3

c-Si at 600° C for 30 min +/-2% +/-2% +/- 2% +/- 3%

Nickel Silicide formed on

poly-Si at 400° C for 10 10.8 film

min from 10 nm of Ni +/- 6% unreadable

Nickel Silicide formed on

poly-Si at 600° C for 10 28.3 film

min from 10 nm of Ni +/- 5% unreadable

Nickel Silicide formed on '

poly-Si at 400° C for 10 10.9 24.3 26.5

min from 10 nm of Ni +/-5 +/- 6% +/- 6%

annealed in N,

Nickel Silicide formed on

poly-Si at 400° C for 10 10.9 22.3 22.8

min from 10 nm of Ni +/-5 +/- +/- 5%

annealed in vacuum 6%

Nickel Silicide formed on

poly-Si at 400° C for 10 3.0 4.53 5.1 5.7

min from 30 nm of Ni +/-6% +/-3% +/- 4% +/- 5%

Table

4.4. - Effect of furnace annealing on various silicides’ sheet resistances.

Annealing performed at 600° C in atmosphere or as labeled. Units of sheet resistances

are in ohm/sq.
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NICKEL SILICIDE

Figure 4.2 shows the sheet resistance values of nickel silicides on various substrates
formed by nickel sputtering, followed by a 10-minute anneal at various temperatures.
The nickel silicide film exhibited a low sheet resistance in the temperature range from
400 to 500° C, with values of 8.5 +/- 0.2 ohm/sq for silicides on single-crystal silicon,
and 8.0 +/- 0.2 ohm/sq for silicides on thick polysilicon. These sheet resistance values
are in accord with having formed the monosilicide phase of the nickel silicide [4.1.10].
According to Pretorius, the phase of the nickel silicide formed is not a function of
annealing temperature as much as it is a function of the effective concentration at the
-interface of the binary system [4.1.11]. Accordingly, Ni»Si or NiSi should initially form,
and once all the nickel has reacted, the NiSi, phase begins to form. Therefore, from the
sheet resistance characteristic, less nickel was consumed at the silicidation temperatures
of 250 and 300° C, which formed a thinner silicide with higher resistance. At 600° C the
silicon-nickel reaction had proceeded far enough along for a silicon rich phase transition,
as evident from the increasing sheet resistance [4.1.9].

Figure 4.3 shows the effect of thickness of the deposited nickel on the sheet resistance
of the annealed silicide on different substrates. When 4 nm of nickel was used, the
silicide sheet resistance was about twice that of the 9 nm nickel samples. To determine
whether there was unreacted nickel on the surface after the anneal, the sheet resistance of
the 4 nm and 9 nm sputtered nickel films were measured before and after etching. The
measured sheet resistances were unchanged by the etch. This indicates complete
consumption of the nickel film during the silicidation anneal. Thus, while the sheet
resistance of the nickel silicide scales with the thickness of the reacted nickel, reducing
the polysilicon film thickness results in a higher nickel silicide sheet resistance. The
grain structure of polysilicon is in part a function of the film thickness, with smaller
grains being associated with thinner films [4.1.12]. The increased sheet resistance of the
nickel silicide on the thin (18 nm) polysilicon is attributed to the finer grain
microstructure.

‘The chemical stability of the nickel silicide was studied for a series of chemicals used
in semiconductor processing. A sample of NiSi on single-crystal silicon, with an initial
sheet resistance of 9.8 ohm/sq, was exposed to the chemicals listed in Table 4.5. The
ammonia-based portion of the RCA clean or the Pirhanna clean did not affect the nickel
silicide. However, on certain nickel-rich silicide films formed on polycrystalline silicon,
etchants containing HCI, such as the second portion of the RCA clean, were observed to
destroy the silicided islands. Although nickel silicide was found to be far more resistant
than cobalt silicide to HF solutions, some degradation was observed in the various HF
solutions: HF-dip, BHF, and the silicon etchant. The HF and BHF solutions left a
mirror-like surface when the film was only exposed to the etchant once, but multiple dips
in the etchant caused some fogging of the remaining film. A cloudy surface was also
observed when nickel silicide was exposed to the silicon etchant. How the HF solutions
caused the degradation of the nickel silicide was a strong function of whether or not the
silicide was placed in the etchant a number of times, or just exposed in a prolonged dip in
the etchant solution. It seems that the HF solutions have a self limiting reaction with the
nickel silicide, forming a by-product on the surface of the film that prevents further
etching.
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Sheet Resistance Sheet Resistance
Etchant Solution (Ohm/sq) of sample (ohm/sq) of Notes
formed at 400°C sample formed at
after etch 600° C after etch
1:1:5 NH4OH:H202:HZO 9.5 11.3 10 min
1:1:5 HCl:H202:HZO 99 11.3 10 min
13.6 14.5 2 min
20:1 HZO:HF 22.2 24.9 2 + 3 min
161.7 65.7 2+ 3+ 5 min
14.5 19.5 5 min
16.8 18.1 10 min
11.8 18.1 30 sec
6:1 NH4F:HF 26.7 - 30 + 30 sec
41.7 - 0.5+0.5+ 1 min
173.0 - 05+05+1+2min
18.1 18.1 4 min
14.5 22.7 10 min
16:1:1:2 H3PO4:
CH3;COOH: HNO,: H,0 9.5 113 2 min, 60° C
1:50:20 HF:HNO3:H20 no film no film 2 min
1:1:5:3 H2SO4: H3PO4:
CH;COOH: HNO3 11.3 11.3 2 min
3:1 HZSO4:HZO2 9.5 11.3 10 min
3:1 HC]:H202 9.5 11.3 5 min

Table 4.5 Chemical Reagent Testing of Nickel Silicide.

Initial Sheet Resistance of samples formed at 400° C, 10 minutes = 9.5 ohm/sq
Initial Sheet Resistance of samples formed at 600° C, 10 minutes = 11.3 ohm/sq

Formation of a by-product on the surface of the film was confirmed by x-ray
photoelectron spectroscopy (XPS) analysis as elaborated below. Figure 4.4 indicates Ni-
2p spectra obtained from the nickel silicide film after a variety of chemical treatments.
The spectrum (a) in Figure 4.4 was obtained from the control specimen which was
formed by thermally anneal at 400° C for 10 minutes of 10 nm of nickel. Any unreacted
nickel was removed from the control specimen using a Pirhanna etch before XPS
analysis. From the binding energy position of the spectrum peak (853.6 eV), it is clear
that the control specimen has only NiSi at the surface. When the control specimen was
dipped in buffered HF solution for a minute and then blow-dried with nitrogen without
any rinsing, the resulting by-product on the surface was quantified using XPS. Ni-2ps/,
peaks at 857.5 eV and 864.2 eV, present in the spectrum obtained from the non-rinsed
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specimen i.e., spectra (c) in Figure 4.4 confirm a reaction by-product at the surface. The
physical action of rinsing after etching appears to remove this protective by-product as
evident from the disappearance of these two peaks from spectrum (c) in Figure 4.4, which
was obtained from the rinsed specimen. Thus subsequent dips in the etchant solution
cause rapid degradation of the nickel silicide sample. When the nickel silicide is attacked
by buffered BF, some metallic nickel also forms which redistributes itself on the surface
after rinsing. This is clear from the metallic nickel peak at 852.4 eV in spectrum (b).
The small peak at 856 eV in spectrum (b) is due to nickel hydroxide formation at th

surface. '

(850 -850,

 Binding energy (sV)

Figure 4.4 Ni-2p spectra obtained from nickel silicide on polysilicon (formed from 10
nm of Ni, silicidation anneal 400° C for 10 minutes) specimens subjected to treatment in
buffered HF (6:1): (a) control specimen, no BHF treatment, (b) specimen dipped for one
minute in BHF and rinsed in DI water, and (c) specimen dipped for one minute in BHF,
blown dry with N,.

71




The thermal stability of nickel silicide films was also studied by measuring the sheet
resistance of these films periodically during an anneal at 600° C in atmosphere over
several hours. What can be seen from Table 4.4 is that a nickel silicide formed on single
crystal silicon from 10 nm of nickel experienced continuous degradation. By the end of
the three-hour anneal, the sheet resistance of films formed at both 400° C and 600° C
increased by a factor of five. The variation in the measured sheet resistance of these
films also increased over the course of the annealing and after three hours of annealing it
became extremely difficult to get a stable measurement from the four-point probe
apparatus, with parts of the samples becoming unreadable. The films formed on
polysilicon at 400° C and 600° C experienced a more severe problem, becoming

. unreadable by the four-point probe apparatus after a single hour of annealing.

Ni-2p spectrum obtained from a control specimen (again with 10 nm of nickel was
deposited on 50 nm polysilicon and then annealed at 400° C for 10 minutes, with any
unreacted nickel being subsequently removed using a Pirhanna etch) using XPS analysis,
1s indicated in Figure 4.5 (spectrum a). Other than the Ni-2p;,; and Ni-2p,/, peaks due to
NiSi formation, no other peak is visible in the spectrum. Annealing this control specimen
at 600° C decomposes the silicide at the surface into metallic nickel, nickel oxide and
SiO,. Presence of metallic nickel at the surface is evident from the peak at 852.4 eV in
spectrum (b) of Figure 4.5. The nickel oxide peak is submerged below the hydroxide
peak (856 eV), so oxide formation is not very evident from the Ni-2p spectrum. The
surface hydroxide peak formed when the specimen was exposed to atmosphere during
transfer from the annealing furnace to the XPS analysis chamber. Nickel oxide formation
is indicated better in the deconvoluted O-1s spectrum (Figure 4.6) at 531.2 eV which was
obtained from the same specimen. The other product of decomposition, SiO; is clearly
visible from both O-1s (Figure 4.6) and Si-2p spectra (Figure 4.7). The difficulty in
obtaining accurate measurements from the thin nickel silicide samples with the four-point
probe apparatus was therefore evidently caused by oxide formation at the surface.

Decomposition of the silicide on the control specimen during annealing at 600° C can
be prevented by flowing nitrogen through the furnace as Spectrum (c) in Figure 4.5
indicates. The only peaks in this spectrum are due to NiSi (like that in the control
specimen). This result is confirmed by the sheet resistance measurements. Table 4.4
indicates that nickel silicide samples annealed in N, or vacuum did not experience the
degradation in sheet resistance observed in those samples annealed in atmosphere.
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Figure 4.5 Ni-2p spectra obtained from Ni silicide on polysilicon (formed from 10 nm of
Ni, silicidation anneal 400° C 10 minutes): (a) control specimen, no anneal beyond
silicidation anneal, (b) annealed 600° C, one hour in atmosphere, (c) annealed 600° C, one
hour in nitrogen, and (d) specimen formed from 20 nm of Ni, silicidation anneal 400° C
10 min, annealed 600° C, one hour in atmosphere.
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Figure 4.6 The deconvoluted O-1s spectrum obtained from Ni silicide on polysilicon
shown in Figure 4.5(b) (annealed one hour, 600° C in atmosphere after silicidation
anneal). The peak at 531.2 eV is attributed to nickel oxide formation, the peak at
532.4 eV due to surface hydroxide and the peak at 533.1 eV due to SiO, formation after
decomposition of the silicide.
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Figure 4.7 Si-2p spectrum obtained from nickel silicide specimen on polysilicon shown
in Figure 4.5(b) (annealed one hour, 600 °C in atmosphere after silicidation anneal). The
peak at 103.5 eV is due to SiO, formation after decomposition of the silicide.

The higher sheet resistance of the sample annealed in N, is attributed to some slight
oxidation caused by the presence of some oxygen in the N, ambient. Thicker silicide
films, formed by depositing 30 nm of nickel on either single crystal silicon or
polycrystalline silicon and then annealed for 10 minutes at 400° C in the manner
described previously, were also tested for thermal stability. Unlike the corresponding
thin silicide films formed using 10 nm of nickel, the thicker nickel silicide on single
crystal silicon demonstrated a sheet resistance, which proved to be very stable over the
course of the furnace annealing in atmosphere. As depicted by Table 4.4, the thicker
nickel silicide experienced only a slight increase in sheet resistance and the variation in
the measured values also remained very low over the course of the annealing. The
thicker nickel silicide on polysilicon had a similar response to the furnace annealing,
demonstrating an early ~50% increase in sheet resistance after one hour, and then a more
gradual increase in sheet resistance, with little variation in measured values. It is clear
from the Ni-2p spectrum obtained from such a specimen (spectrum (d) in Figure 4.5) that
the nickel silicide did not decompose, as had the thinner sample. The Ni:Si ratio in the
silicide in this specimen is higher than that of the control specimen where 10 nm of nickel
was used. Hence the Ni-2ps/; peak in spectrum (d) is at a lower binding energy than that
in spectrum (a) and (c) of Figure 4.5.
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4.1.3 Conclusions

Using a fabrication procedure applicable to polysilicon thin film transistors and
AMLCD processing, low-resistance silicides of cobalt and nickel were fabricated on
polysilicon with a thickness as thin as 18 nm with sheet resistances as low as 16 ohm/sq.
Films with lower resistances were formed on thicker polysilicon samples: 8 ohm/sq NiSi,
and 14.6 ohm/sq CoSi,. The sheet resistance of cobalt silicide is slightly dependent on
the structure of the silicon underlayer. Low-resistance cobalt silicides were formed by
annealing for 30 minutes at 600° C or 10 minutes at 650° C, while low-resistance nickel
silicides were formed by annealing for 10 minutes at 400° C.

A reliable process for surface preparation prior to silicide formation has been
developed. IPA rinsing that follows the HF dip and H,O rinsing preserves the
passivation of a HF-cleaned silicon surface while dehydrating hydrophilic surfaces. This
in turn enables an easier and more complete evacuation when the sample is loaded into
the vacuum. IPA rinsing can be used in both silicon integrated circuit and glass substrate
AMLCD fabrication.

Nickel silicide has been shown to be chemically suited for semiconductor processing,
though care must be employed to avoid multiple exposures to wet HF solutions, which
cause some degradation. Cobalt silicide films were non-resistant to aqueous HF and were
quickly destroyed when exposed for even short periods of time. However, cobalt silicide
did show itself to be more thermally stable than the nickel silicide, remaining unchanged
for the most part during a 600° C furnace anneal in atmosphere. In contrast, nickel
silicide films saw a severe degradation in their sheet resistance as a result of some form
of oxidation during the furnace anneal when the silicide in question was formed using a
thin, 10 nm layer of nickel. Thicker nickel silicides formed from 30 nm of nickel, or thin
films annealed in N, or vacuum did not experience this type of degradation and oxidation
did not appear as a problem in these films.

4.2 Elimination of Hillock Formation in Al Interconnects Using Ni, Co
Interlayers

Aluminum alloy interconnections are commonly used in the microelectronic industry.
In integrated circuit (IC) manufacturing, aluminum/aluminum alloys are the primary
metallization materials because their low resistance leads to a decreased time delay and
lower power consumption. In AMLCD fabrication, aluminum has started to replace
refractory metals as the material of choice for both data and scan lines because increasing
display sizes have mandated a decrease in the resistance of metal lines. Aluminum-based
metallization has also been adopted in the development of polysilicon thin film transistor
based AMOLED displays, which operate on current based driving schemes [4.2.1].

In both microelectronic interconnect technology with multilevel metallization layers
and in display fabrication, hillock formation leads to interlevel metal shorts [4.2.2, 4.2.3],
which present a reliability concern. Interconnects made of Al-Cu, Al-Si, and Al-Cu-Si
alloys, although better than unalloyed aluminum interconnects [4.2.4] in certain
composition ranges in their hillocks reduction and junction spiking elimination
capabilities, do not totally eliminate hillock formation [4.2.5, 4.2.6]. Additions of Fe, Ni,
Co, Ti, Ta, Zr, Hf, Cr, Mo, Y, and Nd (Reference 4.2.7-14) to Al, Al-Cu, Al-Si, and Al-
Cu-Si sputtering targets to yield hillock-free films have also been reported. Even though
‘the resistance to hillock formation was shown to improve in some cases OVEr narrow
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alloying additions and temperature ranges, this often came with the cost of increasing
electrical resistivity or thermal and mechanical instability of the films. Electrical
resistivity increased primarily because of formation of grain boundary precipitates, which
were distributed homogeneously in the film. Gardner et al. [4.2.15] had proposed that
bilayer Ti/Al-1%Cu metallization stacks were better than single layer Al-1%Si films with
metal additives distributed homogeneously for reducing hillocks in multilevel
interconnects. '

The bilayer approach could also offer other advantages such as lowering electrical
resistivity compared to films where elements were distributed uniformly [4.2.15]. In
active-matrix-display fabrication processes, Al alloys do not form good ohmic contact

.with ITO, which is used as the transparent electrode in an AMLCD or AMOLED
structure, so an ohmic contact forming an intermediate layer between ITO and Al alloy is
also necessary to obtain better device characteristics. This is of particular importance for
the current driven AMOLED display pixels. Even though Ti can form an ohmic contact
between Al and ITO, a Ti layer is prone to guttering affects during the hydrogenation step
necessary in the passivation of polysilicon TFTs used in high resolution, small area
display applications. While titanium based multilevel aluminum metallurgy (such as
TiN/T1/Al-Cu/TiN) is commonly used in very large scale integrated (VLSI) processing,
the less stringent design rules in display fabrication call for a simpler metallization
scheme that avoid the complexities of current VLSI multilevel metallization processes
such as the chemical mechanical polishing. Information regarding whether TiN forms an
ohmic contact with ITO could not be readily obtained from the literature.

It was demonstrated earlier that Co and Ni layers form good ohmic contacts with
ITO, hence both these elements have potentials for use in AMLCD metallization
processes [4.2.16]. The case for incorporating cobalt and nickel deposition steps during
display manufacturing is also strengthened by the fact that both these elements are easy to
sputter; unlike a material like TiN which involves reactive sputtering or sputtering from
composite targets where stoichiometries are harder to maintain. Furthermore cobalt and
nickel form silicides at temperatures suitable for making active matrix displays on low
cost glass substrates. These silicides are useful in reducing parasitic series resistance on
the source, drain and gate regions of the TFTs used in display arrays. However, before
metallization schemes involving Ni or Co can be devised, hillock formation studies in
bilayer aluminum alloy metallization stacks with these elemental layers need to be carried
out. This has been done in the present work.

4.2.1 Preparation Conditions

Test samples were prepared on 100 mm oxidized silicon wafers of (100) orientation
since this substrate is of comparable nature to interlevel passivation oxide on which
aluminum lines are deposited during display fabrication. Three different materials,
nickel, cobalt, and titanium (for comparison) were used in conjunction with an Al-1%Cu
film to try to minimize hillock formation. A nickel, cobalt, or titanium film was
deposited either before or after the Al-1%Cu film deposition. Additionally, some
samples were prepared only with sputtered Al-1%Cu or Al-1%Si film as a control. The
Al alloys were DC magnetron sputtered in an argon ambient of 4 mTorr at 500 W of
power from a 150 mm diameter target. Cobalt, titanium, and nickel films were deposited
in an argon ambient of 9 mTorr using RF sputtering at 250 W of power from their
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respective 150 mm diameter target. All aluminum films were deposited to a thickness of
200 nm, while the cobalt, nickel, and titanium films were each 50 nm in thickness.
Additionally, some samples were made using a 10 nm thick nickel layer and 240 nm
thick aluminum layer. Various heat treatments during and immediately after deposition
were also used. For some samples a heated substrate was used in deposition, since a
heated substrate can be valuable for step coverage considerations [4.2.17]. In such
examples, the sample was heated at 500° C for 10 minutes prior to the first metal
deposition (titanium, nickel, or cobalt). The first metal film was then deposited, followed
by a second in situ heat treatment, at 500° C for five minutes. This was followed by Al-
1%Cu film deposition. This particular heat treatment will be referred to as “pre heat”
treatment.

~ Due to adhesion considerations, it was often necessary to anneal the as-deposited
double layer films in situ for a short period in order to make patterning possible in cases
where a heat treatment prior to deposition (pre-heat) was not used. This irn-sifu anneal
was performed at 500° C for five minutes. This heat treatment will be referred to as post-
heat treatment. Some double layer films were not heated during deposition and these
films will henceforth be referred to as unheated films. All pre-heated, post-heated, and
unheated films were finally annealed at 400° C for 30 minutes in a Hy-N, (10%-90%)
ambient. A complete list of specimens prepared for this work is provided in Table 4.6.
The temperature for the various heat treatments was chosen to test hillock formation
resistance of metallization schemes at the upward limit of the thermal budget appropriate
for a polysilicon TFT display array process.

4.2.2 Experimental Characterization

Hillocks in metallization stacks were then analyzed using scanning electron
microscopy (SEM) and atomic force microscopy (AFM). To estimate the density of
hillocks, SEM micrographs of the metallization stack surface were obtained at
magnifications of 2500X from random regions of the same sample. Hillock sizes smaller
than 0.05 microns are not included in density calculations. The diameters of hillocks
were measured from SEM pictures and heights were obtained from AFM profiles. In
almost all metallization stacks which were examined and where hillocks were present,
hemispherical hillocks were observed. The only exception were hillocks in the single
layer Al-1%Si film specimen which was prepared .for comparative purposes. Hillock
sizes measured by SEM and AFM corroborated each other very well within a factor of
two. In later sections when we discuss hillock size we will be referring to hillock
diameters, which were obtained from SEM analysis. Reaction products in metallization
stacks were also examined using glancing angle x-ray diffraction (GA-XRD) as well as
coupled scan XRD. Glancing angle scans reveal reaction products present at the
metallization stack surface while the coupled scan XRD provides information from the
bulk of the thin film. Film resistivity was measured using conventional four—pomt probe
measurement at room temperature.
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4.2.2.1 SEM and AFM Results

4.2.2.1.1 Single-Layer AL-1% Cu and Al-1%Si Films

The microstructures of an Al-1Cu% film which were not subjected to any heat-
treatment during film sputter deposition but furnace annealed later at 400° C for 30
minutes in a Hy-Njy (10%-90%) ambient are shown in Figure 4.8(a). The pre-heated Al-
1%Cu film microstructure is shown in Figure 1(b) and an atomic force micrograph of the
surface of the pre-heated Al-1%Cu film is in Figure. 4.8(c). From Figures, 4.8(a) and
4.8(b), it is clear that the topography of the pre-heated Al-1%Cu film in the non-hillock
regions is rougher than that of the unheated film, however the hillock density is lower.

"The hillocks also have a more rounded appearance in the pre-heated film. Hillock size
distribution data obtained from this and other films are summarized in Table 4.7. Table
4.7 also indicates that the hillocks in the single layer unheated Al-1%Si films were
significantly larger than those observed in the unheated Al-1%Cu films, hence
subsequent bilayer structures were made using only Al-1%Cu and transition metal films.

4.2.2.1.2 Ni/Al-1%Cu bilayer films

The microstructure of Ni/Al-1%Cu bilayer films, where the nickel layer is 50 nm
thick, is presented in Figures 4.9(a-c). Neither the pre-heated (Figure 4.9(a)) nor the post
heated (Figure 4.9(b)) film show any surface hillocks when nickel is at the bottom. The
grain size of the pre-heated film is bigger than the post heated one. Similarly, no hillocks
were observed even in the post-heated double layer metallization stack with nickel at the
top (Figure 4.9(c)). Atomic force micrographs of Ni/Al-1%Cu bilayer films with 50 nm
and 10 nm of post heated nickel on top are indicated in Figures 4.10(a) and 4.10(b),
respectively. Hillocks are not visible on the surface of either of the bilayer films; the
surface of the bilayer film with 10 nm of post heated nickel on top is, however, smoother.
To the best of our knowledge, this is the first experimental demonstration of a hillock free
aluminum metallization using Ni/ Al alloy bilayer metallization stacks.
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Al-1%Si (unheated) 400°C,

Al-1%Cu (unheated) - 400° C, 0.5hr, (Hy+N5)
Al-1%Cu (pre-heated) 500°C 400° C, 0.5hr, (H,+N,)
Al-1%Cu/Ni (post-heated) -1 500 °C 400° C, 0.5hr, (H,+N>)
Ni/Al-1%Cu (pre-heated) 500°C 400° C, 0.5hr, (Hy+N>y)
Ni/Al-1%Cu (post-heated) -1 500 °C 400°C, 0.5hr, (H>+N,)
Co/Al-1%Cu (pre-heated) 500°C 400°C, 0.5hr, (Hy+N3)
Co/Al-1%Cu (post-heated) -1500°C | 400°C, 0.5hr, (H,+N,)
Al-1%Cu/Ti (unheated) - 400° C, 0.5hr, (H,+N,)
Ti/ Al-1%Cu (unheated) - 400°C, 0.5hr, (Hy+N,)
Ti/ Al-1%Cu (pre-heated) 500°C 400° C, 0.5hr, (Hy+N»)

Table 4.6 List of specimens prepared

4.2.2.1.3 Case With Extra Layer Of Cobalt

Hillocks were eliminated in the Co/Al-1%Cu bilayer film with 50 nm of preheated
cobalt at the bottom as is evident from the scanning and atomic force micrographs
presented in Figures. 4.11(a) and 4.2.4(b) respectively. This again is to our knowledge
the first experimental demonstration of hillock free aluminum metallization using a
cobalt-aluminum alloy bilayer. The grain size of this film is much smaller in the Co/Al-
1%Cu bilayer film than in the Ni/Al-1%Cu bilayer film with nickel at the bottom, which
was preheated at the same temperature. The post-heated film has a very high density of
extremely small hillocks. The average size and density of hillocks in this bilayer film are
indicated in Table 4.7. The surface topography of the post-heated film in non-hillock
regions is very smooth. It is difficult to pattern films with Co on top of Al using wet
etching techniques because of high lateral etching of cobalt in the aluminum wet etchant.
Since the applicability of such a metallization structure was ruled out before hand, no
specimens with Co on top were prepared.

4.2.2.1.4 Case with Extra Layer of Ti

Only the unheated bilayer film with Ti at the top was hillock free. Hillocks were
observed in the other unheated and preheated films. Unlike nickel and cobalt, titanium
can be patterned even if the films are not heated during deposition. Hence there was no
need for making post-heated films.
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(a) (b)

(©)

Figure 4.8 Scanning electron micrographs of the surface topography of (a) unheated Al-
1%Cu film and (b) preheated Al-1%Cu film. Atomic force micrograph of (c) preheated
Al-1%Cu film. Each specimen was furnace annealed at 400° C for 30 minutes in a H-N;
(10%-90%) ambient.
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Figure 4.9 Scanning electron micrographs of Al-1%Cu film with (a) 50 nm of pre-
heated nickel film at bottom, (b) 50 nm of post-heated nickel film at bottom, and (c) 50
nm of post-heated nickel film on top
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(b)

Figure 4.10 Atomic force micrographs of Al-1%Cu film with (a) 50 nm of post-heated
nickel film on top and (b) 10 nm of post-heated nickel film on top
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 I'Avg. hillock size | Hillock | Hillock
\ | density | density -
G fif,(‘#}’-Sq;* 0S5 &
Commy - fmy e sbemy < im) -
Method SEM |SEM |SEM | AFM SEM SEM

Al-1%Si 4.0 0.38 1.11 2.03 4x 100 [2x10°
(unheated)
Al-1%Cu 1.15 0.19 0.42 0.42 1.7x10" {34 x
(unheated) 10°
Al-1%Cu 096 058 [073 [032 7x10* [7x10%
(preheat)
Al-1%Cu / Ni | No hillock
(post-heat)
Ni / Al-1%Cu | No hillock
(preheat)
Ni / Al-1%Cu { No hillock
(post-heat)
Co / Al-1%Cu | No hillock
(preheat)
Co / Al-1%Cu 023 (011 [012 |0.05 3.5x 10’ -
(post-heat)
Al-1%Cu / Ti | No hillock
(unheated)
Ti/ Al-1%Cu 0.19 0.038 | 0.11 0.05 1x 10° -
(unheated)
Ti/ Al-1%Cu 077 019 058 [026 2x10° [2x10°
(preheat) '

Table 4.7 Hillock size distributions in films based on SEM observations
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(b)

Figure 4.11 (a) Scanning electron micrograph of Al-1%Cu film with 50 nm of
preheated cobalt film at the bottom and (b) atomic force micrograph of Al-1%Cu film
with 50 nm of preheated cobalt film at the bottom

4.2.2.2 X-ray Diffraction

XRD data obtained from Ni/Al-1%Cu, Co/Al-1%Cu and Ti/Al-1%Cu bilayer
metallization structures which were pre-heated at 500° C with a layer of nickel, cobalt or
titanium at the bottom are indicated in Figures 4.12(a), (b), and (c) respectively. The
Ni/Al-1%Cu film indicated NiAl; and very small amounts of NisAl; formation. Even
though no Al metal peak was detected in the glancing-angle scan, weak peaks of
remaining Al metal were visible in the coupled scan. GA-XRD of the pre-heated Co/Al-
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1%Cu film indicates remaining Al metal peaks and Co,Aly formation. From Figure
4.12(c) it is clear that reaction products in detectable amounts did not form in the pre-
heated Ti/Al-1%Cu film. Only highly textured Ti and Al peaks are visible.

4.2.2.3 Resistivity Measurements

The results of resistivity measurements are summarized in Table 4.8. They indicate
that an additional layer of nickel increases the resistivity of the composite metallization
structure significantly, much more than cobalt or titanium. This increase can be
modulated, however, by altering the ratio of nickel to Al-1%Cu. In Ti/Al-1%Cu bilayer
films, the bilayer film resistivity is just slightly higher than that of the pre heated single
layer Al-1%Cu film. It should be noted that the single layer pre heated Al-1%Cu film
has a lower resistivity than the “unheated” film of the same composition.
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Figure 4.12 XRD patterns of Al-1%Cu film with 50 nm of (a) preheated Ni at bottom,
(b) preheated Co at bottom, and (c) pre-heated Ti at bottom
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loy thickness | Transition metal |~ - - “Resistivity

~(am)  |thickness (nm) | (uQ-cm)
Al-1%Si (unheated) - 4.05
Al-1%Cu (unheated) 250 - 10.74
Al-1%Cu (preheat) 250 - 3.62
Al-1%Cu / Ni (post-heat) 200 50 23.08

Ni / Al-1%Cu (preheat) 200 50 21.18

Ni / Al-1%Cu (post-heat) 200 50 26.30
‘Al-1%Cu / Ni (post-heat) 240 10 4.3

Ni/ Al-1%Cu (preheat) 240 10 4.5

Co / Al-1%Cu (preheat) 200 50 8.30

Co / Al-1%Cu (post-heat) 200 50 13.16
Al-1%Cu / Ti (unheated) 200 50 5.35

Ti/ Al-1%Cu (unheat) 200 50 1 4.53

Ti / Al-1%Cu (preheat) 200 50 3.94

Table 4.8 Resistivity data

Al 2.67 23.5 121 70.6 17 0.345

Al-1%Si 69 19

Al- 227 60

1%Cu '

Ni 6.9 13.3 482 1455
Co 6.34 12.5 230 0.361 1492
Ti 54 8.9 120.2 1667
NiAl;

C09A12

TiAl; 17-22

AlLCu 5-6

Si 3.3 1412

Table 4.9 List of physical constants of materials
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Figure 4.13 Typical stress-temperature behavior

4.23 Discussion of Experimental Results

4.2.3.1 Hillock Formation

Table 4.9 provides a list of physical constants of materials, which are important to
understanding hillock formation mechanism in Al-alloy thin films. From Table 4.9 it is
clear that the thermal expansion coefficient of unalloyed aluminum is significantly higher
than that of the silicon substrate. Hence when aluminum films are deposited on silicon
substrates, which are then heated, and/or cooled, compressive/tensile stress build-ups
occur in the film. The stress situation in the film can be understood better by examining
Figure 4.13, where T; is room temperature, Tqc, is the temperature of the aluminum alloy
film deposition, T, is the temperature other than Ty, at which the film is stress free and
T¢, max and T max are the temperatures at which maximum compressive and tensile stresses
occur in the film [4.2.18]. Tgep for preheated films in our study is 500° C. When Taep =
500° C, the films were annealed at a lower temperature (400° C) than Taep; the stresses in
these films were tensile. The post-heated and unheated films were annealed at
temperatures higher than Tgep; therefore these films fell into the compressive stress
regime of the stress-temperature curve during the post-heat treatment and annealing,
respectively. The stress relaxation in the post-heated and unheated metallization
structures was therefore through a compressive stress relaxation process.

The magnitude of the thermal stress caused due to differences in thermal expansion
coefficients of the silicon substrate and metal layers is

@;=-{E/(1-)}(Ve V) )T (4.2.1)
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where [E / (1-<)] is the biaxial module of elasticity of the film and V; and V; are the
thermal expansion coefficients of the film and substrate respectively. The stress has to be
accommodated in the film through relaxation processes. A film on a substrate when
subjected to a biaxial stress does not relax uniformly. There are local areas where the
relaxation is larger. Once such localized differential relaxation occurs, a potential
gradient is generated between the relatively relaxed grain and the surrounding film.
Chaudhury [4.2.19] has proposed that this causes mass flow along the interface between
the films that results in a relaxed area growing out from the base as a hillock. The hillock
is pushed out from the base and slides along grain boundaries connecting it to the rest of
the film. Chaudhury proposed that another stress relieving mechanism, diffusional creep
(Nabarro-Herring creep [4.2.20]) can also operate concurrently. Diffusion creep is
caused by mass transport through lattice or grain boundary diffusion and normally leads
to relaxation rather than deformation in thin films. However, if the relaxation is
homogeneous (i.e., localized), it induces hillock formation or void growth. Constitutive

relations between stress and strain rate for diffusion creep has been provided by Ashby
[4.2.21]

d,/dt = (14PX/KT) (1/d*D, {1 + (B+/d)(Dg/Dy)} 4.2.2)

where X is the atomic volume, d the grain size, D, the bulk self diffusion coefficient of Al
in the film, Dg the grain boundary diffusion coefficient, * the effective, : the shear
modulus, and b the Burger’s vector. When bulk diffusion controls the strain rate in
diffusion creep, the first term of the diffusion creep equation is important; this creep is
called Nabarro-Herring creep. When grain boundary diffusion controls the strain rate, the
second term in the diffusion creep equation is the controlling one; this creep is called
Coble creep. From the equation it is clear that if diffusion creep contributes to hillock
formation, reduction of hillocks can be achieved through a decrease in diffusion
coefficients (can be achieved through alloying) and by increasing the grain size of the
film. ' '

Interface reactions, grain growth, and other phase transformation processes in thin
films can also affect the stress state of films and play a role in determining whether
hillocks will form to relieve stresses. Very often hillock growth is caused by an interplay
of all the factors mentioned, so while examining the results presented in the previous
section all the mentioned factors have to be taken into consideration.

4.2.3.1.1 Single Layer Al-1% Cu and Al-1%Si Films

When no additional transition metal layer was used hillocks were seen in the
unheated Al-Si and Al-Cu films. Compressive stress relaxation occurred in both films
‘during heating and cooling of the annealing process. Al,Cu phase segregation along grain
boundaries and at triple points in the unheated Al-1%Cu film may have provided hillock
nucleation sites during hillock formation through diffusional creep. Pre-heating the Al-
1%Cu film increased the grain size and caused precipitate coarsening. Precipitate
coarsening led to an increase in the size of precipitates along with a decrease in their
density and a consequent decrease in the number of hillock nucleation sites. Thus the
hillocks in the pre-heated Al-1%Cu film are fewer in number but bigger in size than
hillocks in the unheated film. Dislocation glide motion and grain boundary sliding occur



more easily in Al-S1 alloys in comparison to Al-Cu alloys, hence Al-Si alloys are more
ductile and flow more easily [4.2.22]. This led to a greater reflow of material in the
“unheated” Al-Si film and the creation of huge hill and crater structures.

4.2.3.1.2 Ni/Al-1% Cu bilayer films

All the Ni/Al-1%CU films, which were examined, were hillock irrespective of the
stress state (compressive or tensile) in the film and the initial thickness of the nickel
layer. GA-XRD of the double layer film, which was pre-heated at 500° C, revealed that
the extra nickel layer was consumed totally during NiAl; formation. Since unreacted Al
was not detected using GA-XRD and very weak Al-peaks were detected using coupled

-scans, it 1s clear that a very small amount of unreacted Al is present in the annealed
metallized structure. The microstructure indicated in Figure 4.9(a) is due to NiAls grains.
Formation of NiAls is accompanied by an increase in volume of the film because the
atomic volume of the product NiAlj is greater than that of the reactants, Ni and Al-1%Cu.
Volume changes during interfacial reactions have been calculated using the model
proposed by Gardner et al [4.2.23]. The positive volume change in the entire film can
contribute to reduction of tensile thermal stress, which in turn decreases the driving force
to form hillocks. Formation of NiAls at the interface with the silicon substrate also slows
down diffusion of aluminum atoms at that interface which is beneficial to hillock
reduction.

When the biaxial thermal stress during annealing is compressive, formation of NiAlz
will increase the magnitude of the compressive stress. Even then, no hillocks were
observed in any of the metallized structures (Figure 4.9(b), Figure 4.9(c)). Mechanical
properties like hardness, yield strength, etc. of nickel aluminum intermetallics are
significantly better than that of aluminum [4.2.24] and the rate of diffusion of Al atoms
through NiAl; is lower. Hillock nucleation sites, which are caused by local stress relief
mechanisms like grain boundary sliding, dislocation slips, etc. are possibly reduced
because of the better mechanical properties of NiAls. Even if some hillock nucleation
sites form, hillocks will be prevented from growing. In Ni/Al-1%Cu films, where nickel
was deposited at the top, the harder layer of NiAl; will act as a cap to suppress hillock
formation; with deposited nickel at the bottom, hillock formation will be suppressed by
slow diffusion of aluminum atoms through the NiAls/substrate interface.

4.2.3.1.3 Case With an Extra Layer of Cobalt

Hillocks are absent in the pre-heated Co/Al-1%Cu bilayer film with the layer of Co at
the bottom (Figure 4.11a). Formation of the compound Co,Aly was detected by GA-
XRD (Figure 4.12(b)) in this metallization structure along with unreacted Al. Co was
totally consumed during reactions. As unreacted Al is detected just by using GA-XRD
analysis without having to do a coupled scan, it is clear that there is more unreacted Al in
this metallization stack than in the Ni/Al-1%Cu bilayer film which was also subjected to
the same heat treatment (Figure 4.12(a)). It is likely that formation of this compound
prevented fast diffusion of Al atoms through the Co,Aly/substrate interface and prevented
hillock growth. A high density of very small hillocks were visible in the post-heated
bilayer metallized film with Co at the bottom (Figure 4.11(b)) which suggests that in-
spite of significant nucleation of hillock, very little growth occurred in this film. In the
post-heated metallization structure, the biaxial stress is compressive. Volume change of
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the film (similar to that discussed in the previous section) during Co,Aly formation
increased the level of compressive stress, possibly contributing to localized stress relief
mechanisms in the film by generating dislocation slip, grain boundary sliding, etc. which
in turn contributed to hillock nucleation. This situation is quite unlike that in the pre-
heated film where the tensile stress was reduced through compound formation. Slow
diffusion of Al atoms at the substrate interface compared to that in the single layer Al-
1%Cu film prevents significant growth of the nucleated hillocks in the post-heated film.

4.2.3.1.4 Ti/Al-1% Cu Bilayer Films

GA-XRD of the pre-heated film with Ti at the bottom indicates no intermetallic
compound formation (Figure 4.12(c)), but peak shifts indicate that the Ti layer is
considerably strained. The grain size of metal layers in this film (Figure 4.12(c)) is also
smaller than that of the reaction product, NiAl; layer which formed when Ni was used as
the extra layer (Figure 4.9(a)). Hence, greater mass atomic transport through grain
boundaries and the interface must have caused some hillock growth in the Ti/Al-1%Cu
metallization structure. Hillock free metallization in Ti/Al-1%Cu bilayer films with Ti at
the top could only be obtained when there was no heating during the deposition, i.e., the
unheated film (Figure 4.12(b)). In this case, the deposited titanium probably acted as a
hard cap suppressing hillock growth. However hillock formation could not be suppressed
when the layer structure was reversed in the unheated film, i.e., when titanium was at the
bottom (Figure 4.12(b)). The use of titanium for hillock suppression therefore appears to
be less robust than the process using Ni in the bilayer. While a nickel layer was capable
of preventing hillock formation when deposited either below or above the Al-1%Cu
layer, the titanium layer only worked when above the Al-1%Cu layer. Additionally, the
Ti/Al-1%Cu bilayer films appear to be sensitive to heat treatments with regard to hillock
formation which is demonstrated by the fact that the preheated sample experienced larger
hillock growth than the unheated sample. '

4.2.3.2 Electrical Resistivity

In a 4-point probe resistivity measurement set-up for bilayer metallization structures,
the resistances of the Al-1%Cu and the transition metal are set up in parallel. If A, Ay,
A,, and Az are the resistivities of the bilayer film, the Al-1%Cu layer, the transition metal
layer and the interfacial reaction product layer, then it can be easily deduced that

A= (1+ X + y)A1A2 A3 / (XA1A3 + y-Al Ay + Ay A3) ( 423)
where x and y are the ratios of the transition metal thickness and the interfacial reaction

layer thickness with respect to the Al-1%Cu thickness. The values of x and y are
normally much less than 1.

If, A< Az, A< A3 and A2A3 >> A1A3 and A, A3 >> A]Az,
then, A= (1+Xx + y)A; 4.2.4)

The measured resistivities (Table 4.8) of metallization structures with an extra layer
of titanium can be explained by considering that the resistivity of titanium is significantly
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higher than that of Al-1%Cu alloy (A< A;) and no interfacial reaction product was
detected using XRD. The resistivity of the double-layer metallization structure should be
slightly higher than that of the Al-1%Cu alloy according to equation (4.2.4) because
almost all the current passes through the Al-1%Cu layer. The situation is different when
Ni and Co are used as extra layers. With Ni, a thick reaction product, NiAls, forms and
almost all the current passes through this layer. Owing to formation of reasonably thick
layers of NiAls, the resistivities of Ni/Al-1%Cu bilayer metallization structures have
comparatively higher values. This increase in resistance can be minimized however, by
reducing the thickness of the nickel layer. In samples where the total Al-Ni thickness
was kept at 250 nm, but the nickel layer was reduced to 10 nm thick, the resistance
. decreased in accordance with the thinner layer of NiAl; formed. As Table 4.8 shows, the
resistivity with 10 nm of Ni was 4.3 and 4.5 microohm-cm for the top and bottom layered
schemes respectively. These values are only 10-20% higher than the values measured for
the aluminum alloys we used and compare favorably to the resisitivities of the other
double layer metallization schemes. An interfacial reaction product, CoAlg, formed in
Co/Al-1%Cu films. However due to the slower kinetics of this reaction, the reaction
product build-up does not occur as quickly as NiAl; formation. Resistivities in Co/Al-
1%Cu are therefore between those of Ni/Al-1%Cu and Ti/Al-1%Cu.

4.2.4 Conclusions

This work demonstrates the advantages of using bilayer Ni/Al-1%Cu and Co/Al-
1%Cu metallization lines in preventing hillock formation. Hillock formation was
prevented irrespective of the position (top or bottom) of the nickel layer and PMA
treatments, and was effective with a cobalt layer on the bottom when a preheat treatment
was applied during deposition. Ti/Al-1%Cu bilayer films also suppress hillock formation,
but only when the titanium layer was on the top. Hence metallization procedures with
nickel seem more robust compared to strategies using cobalt and titanium bilayer
metallization stacks. However, formation of NiAly; in Ni/Al-1%Cu increases its
resistivity. This increase in resistivity can be addressed by reducing the thickness of
nickel used in the bilayer; this would control the thickness of the reaction product NiAls,
while retaining the hillock suppression capability of the extra layer of nickel.

4.3 Ohmic Contacts to Indium Tin Oxide

ITO is an essential material in the fabrication of flat panel displays. ITO is so widely
used because of its ability to function as a conductor while remaining transparent to
visible light [4.3.1]. Active matrix displays, both liquid crystal displays and organic light
emitting diode displays, commonly use aluminum (for its low resistivity) as well as ITO
in the metallization process [4.3.2]. However, ITO does not form good ohmic contact
with aluminum data lines [4.3.3], so barrier layers of third materials such as Cu, Ti, and
Pd have been investigated in the past to rectify this problem [4.3.3-5 with varying degrees
of success. We have recently reported that the use of an extra layer of nickel or cobalt
can successfully eliminate the formation of hillocks in an aluminum metallization scheme
[4.3.6]. We propose the use of these materials as barrier layers to form ohmic contacts
between aluminum and ITO, in addition to their use as hillock suppression layers. If Ni
and Co are to be used as barrier layers in ohmic contact schemes for low temperature
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AOQLED fabrication, interface reactions in Al-X-ITO (X = Ni, Co) metallization stacks
need to be examined.

- X-ray photoelectron spectroscopy (XPS), and in some cases X-ray diffraction (XRD)
are used in the present work to study these reactions.

4.3.1 Experimental Conditions

The metallization stacks listed in Table 4.10 were prepared and examined by XPS.
Samples were prepared on 100 nm oxidized Si wafers of (100) orientation. Aluminum
was DC magnetron sputter deposited on Si wafer from a 150 mm diameter aluminum
target containing 1% by weight of silicon. This was followed by the deposition of cobalt
or nickel barrier layer and then ITO, or just ITO. The multilayer depositions were done
without breaking vacuum. RF magnetron sputtered using 150 mm diameter targets, 250
W of power and 9 mTorr of argon as the sputtering ambient. ITO was deposited by RF
sputtering from a 150 nm diameter target composed of 90% by weight In,O; and 10% by
weight SnO, using argon as the sputtering gas. ITO sputter deposition was done at
200 W with a pressure of 3 mTorr. The thickness of each sputtered layer is indicated in
Table 4.10. Schematics of the stack structure are presented in Figure 4.14. The
metallization stacks were then annealed in vacuum at 400 °C for 30 minutes.

All XPS analysis in this work was conducted using the Scienta Model Esca-300
spectrometer at Lehigh University. Like all dispersion compensated ESCA systems, the
Scienta ESCA-300 unit has an x-ray source coupled to a monochromator, an electrostatic
lens system, a hemispherical analyzer and a multichannel plate detector which is
computer interfaced. For XPS analysis, monochromatic AIKV radiation was used. The
emitted photoelectrons were collected by a lens system and their kinetic energy was
measured with a hemispherical analyzer. The retarding grid of the hemispherical
analyzer was scanned in constant analyzer energy mode (CAE) with a pass energy of
150 eV. Under these conditions the energy resolution was 0.4 eV as measured at the
Fermi level for Ag. The XPS data consisted of survey scans and regional scans over the-
photoelectron peaks of interest. For the latter, an energy increment of 0.05 eV was used.
Charge correction of the spectra was done by using the adventitious carbon peak, which
was set at 285 eV.

amerlaye T —
o . thickness | o
ITO 5 nm - -

Al-ITO 5 nm - 10 nm
Al-Ni-ITO 5 nm 5 nm 10 nm
Al-Ni-ITO 10 nm 5 nm , 10 nm
Al-Ni-ITO 8 nm 60 nm 200 nm
Al-Ni-ITO 80 nm 60 nm 200 nm
Al-Co-ITO 5 nm 5 nm 10 nm
Al-Co-ITO 10 nm 5 nm 10 nm

Table 4.10 List of contact schemes examined by'XPS

93




ITO

Silicon Dioxide

Silicon Substrate

ITO
Al-1%Si
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Al-1%Si

Silicon Dioxide

Silicon Substrate

Figure 4.14 Stack structure used in XPS analysis of (a) ITO film, (b) AI-ITO contact,
and (c) Al-barrier metal-ITO contact.

4.3.2 Characterization Results

43.21 ITO

It is important to analyze the spectra obtained from ITO before dealing with reactions
in metallization stacks. The Sn-3d, In-3d, and O-1s spectrum obtained from the
deposited ITO film are indicated in Figure 4.15, Figure 4.16, and Figure 4.17
respectively. The binding energy positions listed in Table 4.11 are the positions of peak
- maxima. Two peaks (at 486.7 eV and 495.2 eV) are visible in the Sn-3d (Figure 4.15)
spectrum obtained. They are 3ds, and 3ds; x-ray photoelectron lines, respectively. The
binding energy of metallic tin and tin oxide are at 484.5 eV and 486.5 eV respectively
[4.3.7]. Hence tin (Sn) is in an oxidized environment in the deposited ITO, no metallic
tin is present in the deposited film. The In-3d spectrum obtained from deposited ITO
(Figure 4.16) also exhibits two peaks like the Sn-3d spectrum due to 3ds/; and 3dsj, x-ray
photoelectron lines. The binding energies of these lines are at 444.7 and 452.2 eV. The
peak positions of In-3ds, and In-3ds, also suggest that indium is in an oxidized
environment. This is in contrast to some of the ITO films, which were deposited by
Ishida et al [4.3.8] using electron-beam evaporation where metallic tin and indium were
detected. The O-1s spectrum is presented in Figure 4.17. Two distinct peak maxima at
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530.4 eV and 532.4 eV are observed in the spectrum obtained from ITO. The O-1s
spectrum obtained from the ITO film was also curve fitted using a Voigt function to
calculate the curve-fitted peak position and relative fraction of each peak. The curve-
fitted peak positions in the O-1s spectrum were at 530.4 eV and 531.6 eV. The binding
energy positions of the curve-fitted peak and peak maxima for the lower binding energy
peak are identical. They are however considerably different for the higher binding
energy peak; besides, this peak is as asymmetric. We therefore concluded that the higher
binding energy peak contains a hidden peak. Using a three-peak model during curve
fitting (Figure 4.18), the binding energy positions were determined to be 530.4 eV (peak
O-1s)), 531.2 eV (peak O-lsy) and 532.2 eV (peak O-ls3). While trying to assign
chemical structure to the peaks visible in the O-1s spectrum, it should be noted that the
binding energy peak maxima positions in the O-1s spectrum obtained from the ITO film
is very similar to what Ishida et al had observed in their film. Ishida et al had proposed
their ITO film after deposition consisted of amorphous and microcrystalline ITO,
attributing the lower binding energy peak to lattice oxygen in crystalline ITO and the
higher binding energy peak to oxygen atoms in an amorphous ITO phase present between
the crystalline ITO. The ionicity of oxygen in “amorphous” and “crystalline”
environments is different as the ionicity decreases with increasing binding energy.
Oxygen in “crystalline” and “amorphous” environments is therefore proposed to
contribute to O-1s; and O-1s; peaks respectively (Table 4.12). Nelson et al’s’ method of
deconvolution of the O-1s peak into peaks attributed to O-In and O-Sn bonding was also
considered while assigning chemical structure to each deconvoluted peak. The O-Sn
peak in Nelson et al’s spectrum had a 1.7 eV higher binding energy than the O-In peak.
Even though the separation between O-1s; and O-1s3 peaks is 1.8 eV in the ITO film that
we deposited (hence, the B.E. difference is very close to that reported by Nelson et al for
In-O and Sn-0O), it is unlikely that O-1s; and O-1s; peaks in the O-1s spectrum (Figure
4.18) are due to In-O and Sn-O bonding respectively because the area fraction ratio
between O-1s; and O-1s3 is much higher than that expected from ITO. Hence, the
possibility of microphase separation in ITO where oxygen atoms are either in a tin rich
environment or an indium rich one is ruled out. Based on the observed binding energy
positions of peaks in the spectrum, we can also rule out the possibility that any of the
three peaks is due to hydroxide formation [4.3.10-11]. Since, elemental tin and indium
are not detected in out ITO film, the possibility of any peak forming due to adsorbed
oxygen on a metal surface [4.3.10] does not arise. Presence of suboxides of ITO in
crystalline or amorphous environment can cause tailing of O-1s peaks attributed to
stoichiometric ITO on the higher binding energy side. The possibility that suboxide
formation has contributed to the presence of peak O-1s, cannot therefore be ruled out.
However even if suboxides did form, they did not do so in significant quantities.
Otherwise, their presence would also be indicated in the In-3d and Sn-3d spectra.
Summing up, peaks in the O-1s spectra are proposed to arise from the different types of
structural oxygen present in ITO proposed by Ishida et al® which was mentioned earlier,
with each structural type having a different ionicity; ITO suboxide formation may have
also influenced the shape of the O-1s spectrum somewhat, with the most significant
influence possibly being on peak O-1s,.
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Figure 4.15 Sn-3d x-ray photoelectron spectra
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Figure 4.16 In-3d x-ray photoelectron spectra
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Figuré 4.18 Voigt function fit of O-1s Spectra obtained from ITO
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XPS Peak ITO | AI-ITO Al-Ni- Al-Ni- AI-Ni-ITO | Al-Co- Al-Co-
spectrum | Number ITO ITO ITO ITO
ITO = ITO = ITO = ITO = ITO = ITO =
5nm S5nm 10nm 8nm 5nm 10nm
Al = Ni=5nm | Ni=5nm | Ni=60nm Co = Co=
10nm | Al=10nm Al = Al = Snm Snm
10nm 200nm Al = Al =
10nm 10nm
In-3d 1 4447 | 4444 4441 4442 444 4 444 3 4427
2 4522 1 452.5. 451.9 451.9 4521 451.8 444.3
3 450.3
4 452.0
Sn-3d 1 486.7 | 486.8 486.9 487.1 486.5 487.1 483.7
2 4952 | 495.1 4955 495.5 494 .9 495.5 487.0
3 49721
4 495.4
0O-1s 1 5304 | 5299 529.6 529.7 530.4 529.9 531.3
2 5324 1 531.7 531.6 531.7 532.4 531.7
Al-2n 1 71.9 72.2 72.2 - 72.2 71.8
2 74.9 74.9 75.0 - 74.8 74.6
Ni-2n 1 852.8 852.8 852.8
2 870.0 870.0 870.0
Co-2p 1 780.9 777.4
2 780.9
3

Table 4.11 Binding energies of XPS peak (peak maxima positions) in eV
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4.3.2.2 AIl-ITO Reaction

" Let us now examine the spectra obtained from the Al-ITO metallization stack where
Al-1%Si and ITO layer thicknesses are 5 nm and 10 nm respectively. There is no
significant change in the binding energies of peaks obtained from Sn-3d (Figure 4.15)
and In-3d (Figure 4.16) spectra compared to those obtained from the ITO film. However
a distinct change is visible in the O-1s spectrum (Figure 4.17) obtained from the Al-ITO
metallization stack. The relative fraction of the O-1s; peak (Table 4.11) has dropped
considerably compared to the same peak in the O-1s spectrum obtained from the ITO
film. Since the O-1s; peak is due to “lattice” oxygen in ITO, it is clear that metal-oxygen
bonds in microcrystalline ITO have been broken and the released oxygen has partly
reacted with Al to form Al,Os; and also found itself a less ionic environment. This is
evident from the increase in relative intensity of the O-1s; peak. Increase in relative
intensity of the O-1s3 and O-1s, peaks may also be caused by ITO suboxide formation
through reaction as discussed later. Formation of Al,Os at the AI-ITO interface is
confirmed after examining the Al-2p spectrum (Figure 4.19) The spectrum indicates two
peaks at approximately 72 eV and 75 eV for separate chemical species. The spin-orbit
photoelectron lines are distinctly resolved in the lower binding energy peak. The lower
binding energy peak (the peak, which shows a distinct spin-orbital split at approximately
72 eV,) is due to Al° and the higher binding energy peak (at approximately 75 eV) is due
to AI** 2. Calculation of )G at 400° C for Al,0O3, SnO; and In,03 using thermodynamic
data prov1ded by Barin et al" indicates that Al»;O3 is more stable than SnO, or In,0s.

4/3 Al + O, = 2/3 Al,053 )G =-971)
4/3 In + O, = 2/3 In;,03 )G = -467)
Sn + O, = SnO, ()G =-579)

Hence Al,Os, which forms at the AI/ITO interface in Al-ITO stacks, occurs by direct
displacement type redox reaction. However, direct redox reaction does not cause metallic
tin or indium to form at the interface. The reaction is of the following nature

2Al + xSn0,.yIn;O3 = Al,O3 + xSn0,.,.yIn,03.p, where ax + by = 3

Considerable rearrangement of metal-oxygen bonds in ITO occur as a result of this

reaction. The above reaction is important because formation of Al,O; at the AI-ITO

interface prevents ohmic contact between Al and ITO in Al-ITO metallization stacks
[4.3.14].
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Contact scheme Peak O-1s; Peak O-1s, Peak O-1s3
specimen
B.E.(eV) | % Peak | B.E.(eV) % Peak B.E (eV) % Peak
fraction fraction fraction
ITO 530.4 50 531.2 23.2 532.2 26.3
Al(10nm)-ITO (5nm) 529.9 15.1 531.1 24.8 531.9 60.2
Al (10nm)-Ni(5nm)-ITO 529.8 10 531.1 17.3 531.8 76.0
(5nm)
"~ Al(10nm)-Ni(5nm)-ITO 529.8 6.6 531.0 11.7 531.8 81.7
(10nm)
Al(200nm)-Ni(60nm)- 530.1 55.2 531.2 15.8 532.2 28.1
ITO(8nm)
Al(10nm)-Co(5nm)-ITO 529.9 6.9 531.0 17.4 531.8 76.0
(5nm)
Al(10nm)-Co(5nm)-ITO 530.5 6.6 531.3 56.1 532.1 19.7
(10nm)

Table 4.12 Binding energies of deconvoluted peaks and peak area fractions in O-1s
spectrum obtained from ITO film
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Figure. 4.19 Al-2p x-ray photoelectron spectra
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4.3.23 AIl-Ni-ITO Reaction

" Sn-3d (Figure 4.15) and In-3d (Figure 4.16) spectra obtained from any of the Al-Ni-
ITO metallization stacks which were examined in this study are not significantly different
from the respective spectrum obtained the AI-ITO metallization stack, which was
discussed in the previous section. Even the O-1s and Al-2p spectra obtained from
specimens with a thin barrier layer (<10 nm) of Ni are similar. These results indicate that
if the Ni barrier layer is thin, Al;O3 forms through reaction in Al-Ni-ITO metallization
stacks owing to diffusion of oxygen through the barrier layer. The Ni-2p spectrum
obtained from AI-Ni-ITO metallization stack with a thin barrier layer (Figure 4.20)
indicated that Ni did not participate in reactions at the Ni-ITO interface. To obtain ohmic
contact at Al-Ni-ITO metallization stacks, the thickness of the Ni barrier layer had to be
increased, so that oxygen could not diffuse through the barrier layer. The O-1s spectrum
obtained from Al-Ni-ITO metallization stack with a thick barrier layer (60 nm of Ni) is
indicated in Figure 4.17. Since no reaction has occurred at the Ni-ITO interface, the
relative fraction of the O-1s; peak is similar to that obtained from ITO. The Al layer in
the Al-Ni-ITO stack with a thick Ni barrier layer was below the escape depth of Al-2p
photoelectrons, hence we examined the Al-Ni interface in this specimen using x-ray
diffraction (XRD) instead of XPS. The XRD pattern (Figure 4.21) also indicates that a
thicker Ni barrier layer causes Al3Ni to form at the Al-Ni interface in Al-Ni-ITO stacks.
However, Al3Ni formation does not have any deleterious effects with regard to formation
of ohmic contacts [4.3.14]. Figure 4.22 depicts resistance measurements made along a
transfer length structure for an AI-Ni-ITO contact scheme using 50 nm of nickel
sandwiched between 100 nm of ITO and 200 nm of Al. The sample underwent two
anneals at 400° C for 30 minutes in 90% N,- 10% H,. Ohmic contacts were successfully
formed, with a measured specific contact resistance of 40-100 Ohm-cm?® after these
anneals.
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Figure 4.20 Ni-2p x-ray photoelectron spectra from Al-Co-ITO sample
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Figure 4.21 XRD patterns of Al-Ni-ITO stack with 200 nm of Al, 60 nm of Ni and 800

nm of ITO. Al;Ni is the only intermetallic detected.
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Figure 4.22 Transfer length structure measurement for ITO-Ni-Al (50 nm of Ni).
Contact size is 50 pm by 10 pm

4.3.2.4 Al-Co-ITO Reaction

The Sn-3d (Figure 4.15) and In-3d (Figure 4.16) obtained from the Al-Co-ITO
metallization stack with a 5 nm Co barrier layer and 5 nm thick ITO layer is similar to
those obtained from AI-ITO and AI-Ni-ITO stacks. However, when the ITO layer
thickness was increased to 10 nm, a significant change occurred in both Sn-3d and In-3d
spectra. In the Sn-3d spectrum (Figure 4.15), extra peaks were visible at 483.7 eV and
492.1 eV while in the In-3d spectrum new peaks were observed at 444.7 eV and 452.2
eV. The new peaks in both spectra occur due to formation of reduced Sn and In species
due to reaction at the Co-ITO interface. Cobalt oxides are more stable than SnO, or
In,O3, hence cobalt cannot directly reduce indium or tin oxides in ITO through
displacement type redox reactions. Interface reactions can only be initiated through
alloying that occur because of interdiffusion between indium, tin and barrier layer Co
atoms. Break-up of metal-oxygen bonds in crystalline ITO occurs yielding Co-Sn, Co-In,
or Co-Sn-In intermetallics at the Co-ITO interface. The released oxygen diffuses through
the barrier layer and subsequently reacts with aluminum to form Al,Os. In spite of Al,O;3
formation in Al-Co-ITO stacks with thin barrier layers of Co, it was found that it was still
possible to obtain ohmic contacts in these metallization stacks (unlike in AI-Ni-ITO
stacks with very thin Ni barrier layers) [4.3.14].

Figure 4.23 depicts resistance measurements made along a transfer length structure
for an Al-Co-ITO contact scheme using 10 nm of cobalt sandwiched between 100 nm of
ITO and 200 nm of Al. The sample underwent two anneals at 400° C for 30 minutes in
90% N,- 10% H,. Ohmic contacts were formed, with a measured contact resistance of
60-100 ohms after the anneals. The ohmic contacts were formed in this scheme due to
the reduced intermetallic species (Co-Sn or Co-In or Co-In-Sn compound), which formed
at the Co-ITO interface through reaction. From the Co-2p spectrum (Figure 4.24), it is
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clear that interfacial reaction products such as cobalt oxides did not form at the interface
after Al-Co-ITO stacks were annealed. Intermetallics also did not form at the Co-Al
interface unlike that observed at the Ni-Al interface in Al-Ni-ITO stacks. This can be
attributed to the comparatively slower kinetics of intermetallic alloy formation in the Co-
Al system [4.3.6].

ITO-Co-Al contact scheme —= preanneal

-E— after 1st anneal

10 nm Co layer ~— after 2nd anneal
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Figure 4.23 Transfer length structure measurement for ITO-Co-Al (10 nm of Co).
Contact size is 50 pm by 10 pm
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Figure 4.24 Co-2p x-ray photoelectron spectra from Al-Co-ITO sample.

4.3.3 Conclusions

XPS analysis was performed on sputter deposited ITO and Al-ITO metallization
stacks with and without barrier layers (Ni and Co). In AI-ITO interfaces, Al,O; formed
through reaction, which led to non-ohmic contact development. In Al-Ni-ITO
metallization stacks, reaction occurred at the Al-Ni interface (leading to formation of
Al3Ni) and not at the Ni-ITO interface. Ohmic contacts could only be obtained when the
barrier Ni layer was sufficiently thick to prevent diffusion of oxygen through the barrier
layer so that Al,O3 formation was prevented. However, in Al-Co-ITO stacks, the primary
reaction that led to ohmic contact formation occurred at the Co-ITO interface where
reduced intermetallic Sn and In species formed as a result of reaction. Hence even with
thin Co barrier layers, ohmic contact was obtained in Al-Co-ITO metallization stacks.
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5. Future Work

The field of large area electronics is rapidly growing. There are many applications
that would not be feasible if the polysilicon material could not be crystallized at glass
compatible temperature. Likewise, there are currently many applications that are not
being realized because a low cost polysilicon crystallization process has not been
developed for temperatures compatible with flexible plastic substrates. One goal of
future work may be to develop new processes that further reduce the process temperature
of large area electronics without increasing the process cost.

Further work can also be done to improve the performance of polysilicon devices
using existing processes. This work has shown that the device performance is a function,
not only of the polysilicon grain size, but also of the level of intra-grain defects. More
work needs to be done to improve the grain structure for a given grain size in order to
improve the performance of the polysilicon TFTs.

This work has demonstrated circuit components using a low cost, high throughput
polysilicon process. More work needs to be done to investigate the reliability of these
circuits as well as the realization of more complex circuit blocks such as a display data
driver. Furthermore, novel circuit designs can be integrated at the pixel level to ease the
drive requirements of the display or to provide pixel amplification for lower noise
detectors.
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AFM
AMLCD
AMOLED
DAC
DFF

DI

ELA
GA-XRD
IPA

ITO
LCD
LDD
LPCVD
OLED
PECVD
RTP
SEM
SOG
TEM
TFT
VLSI
XPS
XRD

6. Glossary

atomic force microscopy

Active Matrix Liquid Crystal Display
Active Matrix Organic Light Emitting Diode
digital to analog converter

D Flip Flops

deionized water

excimer laser annealing

glancing angle x-ray diffraction
1sopropanol alcohol

indium tin oxide

liquid crystal display

lightly doped drain

low pressure chemical vapor deposition
organic light emitting diode

plasma enhanced vapor deposition
Rapid Thermal Processing

scanning electron microscope

spin on glass

tunneling electron microscope

thin film transistor

very large scale integrated

x-ray photoelectron spectroscopy

x-ray diffraction
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